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ABSTRACT 
This dissertation presents work that aims to address the current limitations of 
latent fingerprint analysis in the forensic science field and discuss innovative new ways 
that matrix assisted laser desorption/ionization (MALDI) mass spectrometry imaging 
(MSI) could be used to develop techniques that would alleviate some of the current 
issues. The first chapter consists of a general introduction to MALDI-MSI and presents a 
general workflow for a MALDI-MSI experiment. The sixth and final chapter summarizes 
the work presented in this dissertation and provides a future outlook. 
The second chapter discusses the compatibility of MALDI-MSI and one of the 
most common forensic development techniques for latent fingerprints, cyanoacrylate 
fuming. An array of endogenous and exogenous compounds were studied to determine if 
there were any changes in structure (reactions with cyanoacrylate) or signal due to the 
fuming process. None of the compounds exhibited any structural changes and most had 
comparable signal intensity with or without cyanoacrylate fuming. One class of 
compounds, however, quaternary ammonium derivatives (present in many hygiene 
products) had significantly suppressed signal after fuming. 
The third chapter studies the cyanoacrylate fuming mechanism in more depth 
based on evidence from the mass spectra in the compatibility study. Specifically, several 
peaks were identified that were determined to be unique to the spectra of fingerprints that 
had been cyanoacrylate fumed. The peaks were identified by exact mass and MS/MS and 
were found to be dimers and trimers of ethyl cyanoacrylate. In addition, some further 
studies were done to determine which endogenous compounds are responsible for the 
adherence of the cyanoacrylate polymer to the fingerprint ridges. It was determined that 
xii 
the most polymer formation happens on fatty acids and amino acids, which must play an 
important role in the fuming process. 
The fourth chapter outlines how endogenous fingerprint compounds diffuse from 
the fingerprint ridges over time. The initial idea was to model the diffusion of a 
triacylglycerol (TG) in an attempt to determine the time since deposition or age of the 
fingerprint. It was thought that a TG would diffuse more slowly than fatty acids (FAs), 
which had been researched previously by another group, and would allow for aging over 
a longer time period. However, it was determined that the surface interactions between 
fingerprint compounds and the sample substrate played a larger role in the diffusion rate 
than the molecular weight of the compounds. For example, the more hydrophobic TG 
only diffused slower than the FA on a hydrophobic surface. 
The fifth chapter discusses using variability in the TG profile to determine 
differences in diet, exercise, and whether or not an individual has diabetes. As TGs play a 
role in many health conditions, including obesity and diabetes, differences could be 
reflected in the TG profile of a latent fingerprint. 79 total participants (16 with diabetes) 
were recruited to determine if the TG profile was impacted by diabetes. General trends 
showed the possibility that diabetics, particularly type 2 diabetics, could have higher 
levels of saturated TGs; however, no significant conclusions could be drawn due to diet 
and exercise differences obscuring some of the effects. Diet and exercise effects were 
tested with subsets of the original data set with clear diet and exercise habits. The 
exercise study included 8 male (4 that exercise regularly and 4 that do not) and 8 female 
participants (5 that exercise regularly and 3 that do not). Male participants that exercised 
regularly had a much lower relative abundance of completely saturated TGs compared to 
xiii 
those that do not exercise. The same effect did not occur with the female participants. 
The study on diet consisted of 5 vegetarians, 3 low carbohydrate/ketogenic, and 4 people 
without any diet restrictions. The vegetarians had very high relative amounts of saturated 
TGs compared to either of the diets, whereas the ketogenic diet was comparable to the 
control.   
 
1 
 
CHAPTER 1.    INTRODUCTION: MATRIX ASSISTED LASER 
DESORPTION/IONIZATION MASS SPECTROMETRY IMAGING 
Background 
Mass spectrometry (MS) is an impactful analytical platform with applications across 
many different fields. It is a popular technique because of its high sensitivity, versatility, and 
applicability to a wide variety of chemical compounds. MS imaging (MSI) has increasingly 
been used to obtain the spatial distribution of compounds in biological systems in addition to 
chemical information. MSI is an advantageous technique for many types of analysis. For 
example, drug discovery and development1-2, disease research3-5, plant biology6, and forensic 
science7 have all benefitted from MSI. In addition to the ability to gain chemical and spatial 
information from a single sample, MSI is useful because it is label free and requires minimal 
sample preparation. In contrast, gas chromatography (GC) and liquid chromatography (LC)- 
MS techniques require sample homogenization and lengthy extractions of the samples. 
Several different ionization methods have been used with MSI, one of the most 
common being matrix assisted laser desorption/ionization (MALDI). One important aspect of 
MALDI is the use of a matrix on top of the sample. Matrices are often small organic 
compounds or metal nanoparticles and their purpose is to absorb the laser energy, heating up 
the sample surface, and aiding in desorption and ionization of compounds from the sample 
surface.8 Matrix selection and application are therefore important aspects of MALDI-MSI 
experiments. Selection of a matrix is significant because different matrices preferentially 
ionize some compounds better than others and application is important because 
inhomogeneity of the matrix can lead to signal discrepancies over the course of an imaging 
experiment.9  
2 
Current research with MALDI-MSI is being done in the forensic science field, 
specifically for the analysis of latent fingerprints. Latent fingerprints have been used as a 
means of personal identification in the criminal justice system for over a century. However, 
despite their continuing use as forensic evidence, little has changed in terms of how they are 
analyzed. Fingerprints collected from a crime scene are visualized with a forensic 
development technique and then the fingerprints ridges and minutiae are compared to either a 
suspect or a database by a fingerprint examiner or computer program. Therefore, if there is 
no suspect for comparison or there is no match to anyone in the database, the latent 
fingerprint is not useful evidence. Utilizing new techniques being developed with MALDI-
MSI enables additional information about a potential suspect to be obtained from the 
chemical profile of their fingerprint. 
Latent fingerprints contain two different types of compounds: endogenous and 
exogenous compounds. Endogenous compounds are chemicals that are inherent to 
fingerprints as they are present in sweat or secreted through pores. Examples of endogenous 
compounds include amino acids (AAs), lactate, urea, fatty acids (FAs), diacylglycerols 
(DGs), and triacylglycerols (TGs). Endogenous compounds have been used to differentiate 
individuals based on sex10, age11, and/or race12 in a laboratory setting. Exogenous compounds 
are things from the environment with which the finger has come into contact. These can be 
anything from consumer products13 to over the counter or illicit drugs.14-15 Exogenous 
compounds can be used to tie a suspect to a particular lifestyle or activity.13 
In addition to using the chemicals in the fingerprint to determine information about a 
suspect, several studies have been done attempting to use the chemical profile to determine 
time since deposition or age of a fingerprint. While many attempts have been made16-19, there 
3 
is currently no reliable method to define the age of a fingerprint. However, if such a method 
could be developed, it would be invaluable to investigators. It could help narrow down if a 
fingerprint present at the scene of the crime is relevant to a case. Two different methods have 
been proposed for determining time since deposition of fingerprints using the chemical 
profile, tracking the degradation of chemicals16-17 over time and modeling the diffusion of 
compounds from the fingerprint ridges over time.18-19 Some important implications for the 
diffusion modeling technique are discussed in one of the following chapters. 
 
General MALDI-MSI Workflow 
Traditionally, MALDI-MSI experiments require tissue harvesting as the first step in 
sample preparation. Tissues are typically flash frozen in liquid nitrogen, embedded in a 
medium, and cryo-sectioned into very thin slices. However, none of this is necessary for the 
analysis of latent fingerprints. Sample preparation for latent fingerprints simply requires the 
donor to rub the finger against their nose or forehead to increase the sebaceous materials on 
that finger and press it lightly against a glass slide (or other substrate). From there, matrix can 
be applied to the fingerprint. Organic matrices are often applied by sublimation or spraying 
them from a nebulized sprayer. Inorganic matrices can also be sprayed if they are available in 
solution or they can be applied via sputter coating. Samples are then inserted into the mass 
spectrometer to begin the MALDI-MSI experiment. A laser is used as a probe beam and is 
rastered across the sample, collecting a mass spectrum at each position the laser irradiates the 
sample. Images can then be compiled using software that turns signal intensities for the 
compounds in the sample into a color gradient so the localization of each individual 
compound can be visualized in the sample. An example workflow is outlined in Figure 1. 
 
4 
Dissertation Organization 
This dissertation is divided into six chapters. The first chapter introduces MALDI-
MSI as an analytical technique, discusses the general workflow for a MALDI-MSI 
experiment, and provides some context into how it could be used in the forensic science field 
for the analysis of latent fingerprints. Chapter 2 is a reproduction of a paper published in the 
Journal of Forensic Sciences that discusses the compatibility of MALDI-MSI with 
cyanoacrylate fuming, one of the most common development techniques for latent 
fingerprints in the forensic field. Chapter 3 is a reproduction of a paper published in the 
Journal of Mass Spectrometry that provides insight into the cyanoacrylate fuming mechanism 
based on the MS data from cyanoacrylate fumed fingerprints. Chapter 4 is a reproduction of a 
paper published in the Journal of Forensic Sciences that discusses how surface interactions 
between endogenous fingerprint compounds and the substrate obscure molecular differences 
as the compounds diffuse out from the fingerprint ridges over time. Finally, chapter 5 is a 
reproduction of a paper published in Analytical Methods that shows certain trends in 
triacylglycerol profiles of latent fingerprints and diet, exercise, and health status. 
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Figures 
 
Figure 1. Typical workflow for a MALDI-MSI experiment on latent fingerprints. 
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CHAPTER 2.    CHEMICAL IMAGING OF CYANOACRYLATE FUMED 
FINGERPRINTS BY MATRIX ASSISTED LASER DESORPTION/IONIZATION 
MASS SPECTROMETRY IMAGING 
Modified from a manuscript published in Journal of Forensic Sciences 
Kelly C. O’Neill, Paige Hinners, Young Jin Lee 
 
Abstract 
 For new techniques to be incorporated into forensic science, they must be compatible 
with current practices. Here the compatibility of a common development technique for latent 
fingerprints, cyanoacrylate fuming, with matrix assisted laser desorption/ionization (MALDI) 
mass spectrometry for chemical imaging of latent fingerprints is studied. Behavior of 
compounds in fingerprints was tested after half of a fingerprint was fumed while the other 
half was not. Chemical compositions of the halves were compared using several different 
MALDI matrices. No evidence was found that fingerprint compounds are chemically altered 
by fuming nor their signal intensities significantly affected. The only exception was 
quaternary ammonium compounds from hygiene products, which had significantly 
suppressed signal. A 100% detection rate for each of the compounds tested was observed 
after fuming. This result shows more promising compatibility than previous attempts at 
similar research, which is believed to be because MALDI-Orbitrap is superior to MADLI-
TOF for this experiment. 
Keywords 
Forensic Science, Latent Fingerprints, Cyanoacrylate Fuming, Endogenous and Exogenous 
Compounds, Compatibility, Matrix Assisted Laser Desorption/Ionization Mass Spectrometry 
Imaging 
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Introduction 
Many currently established practices in forensic science lack the technological 
innovation of other fields. Adoption of recent technological advancements can contribute to 
the field and help to improve upon the current methods. Analysis of latent fingerprints is one 
such example. They have been analyzed in a similar way since they were established as a 
means of personal identification over a century ago. When found in the course of a criminal 
investigation, latent fingerprints are visualized using a variety of techniques, and the details 
of the ridge pattern (minutiae) are used to find a database match. The invention of computers 
has helped to digitalize the process, however, the basic procedure has not changed. Current 
research aims to establish some new ways to analyze latent fingerprints that can deliver more 
information about a potential suspect from the chemical composition of their fingerprint. 
Several classes of compounds have been successfully detected on fingerprints including 
drugs (both over the counter and illicit) and explosives1,2. Compounds that are naturally 
present in fingerprints such as cholesterol, squalene, fatty acids, and lipids have been 
identified as well3,4. Many different analytical techniques are now being applied to latent 
fingerprints for chemical analysis. Mass spectrometry imaging (MSI) has recently emerged 
as one of the most popular techniques because of its ability to provide a visual image along 
with chemical information5,6. In order for these new techniques to be integrated into forensic 
practice, they need to be tested for compatibility with the current procedures7.  
 One of the most common visualization techniques for latent fingerprints is 
cyanoacrylate fuming. This procedure consists of exposing materials that may have 
fingerprints on them to cyanoacrylate (superglue) at elevated temperature and humidity in an 
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enclosed chamber. In the presence of cyanoacrylate vapor, a polymer forms on the surface of 
fingerprint ridges, making them visible to the eye. Cyanoacrylate fuming is a standard 
procedure in forensic science so there could be cases where chemical information is needed 
from a fingerprint that has already been fumed. For such cases, it would be important to 
know how the fuming process would affect the subsequent MSI experiment.   
 The advantage of mass spectrometry imaging is the simultaneous collection of both 
chemical and spatial information; therefore a latent fingerprint can be visualized and 
distinguished from the surface chemicals unrelated to fingerprints. When fingerprints are 
visualized using a standard development technique, the imaging capability may not be 
necessary. However, chemical imaging may be important in cases where standard 
development techniques are unsuccessful or in cases where chemical information is needed 
after standard visualization techniques are applied. Regardless of whether or not visualization 
is done using a development technique such as cyanoacrylate fuming, chemical information 
from an MSI experiment can be used to gain insight into a suspect. 
Imaging mass spectrometers are typically composed of a desorption/ionization source 
and a mass analyzer. Three ionization sources, matrix assisted laser desorption/ionization 
(MALDI), desorption electrospray ionization (DESI), and ion beam for secondary ion mass 
spectrometer (SIMS), have been successfully utilized for fingerprint imaging. Among those, 
MALDI is by far the most commonly used, often configured with a time-of-flight mass 
analyzer (TOFMS), because of its versatility and wide availability. Bradshaw et al. have 
previously analyzed cyanoacrylate fumed latent fingerprints with a MALDI-TOFMS, but 
with little success. They were unable to identify compounds from the fumed fingerprint 
spectra, and did not see any of the endogenous compounds usually present in latent prints7. In 
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addition, Kaplan-Sandquist et al. have also studied exogenous compounds in fumed 
fingerprints using MALDI-TOF, but only had an average detection success rate of 18%8. 
 In this work, we re-visit the compatibility between cyanoacrylate fuming and 
MALDI-MSI. We hypothesized that 1) optimal protocol can overcome the previous failure 
and 2) the particular instrument we use, MALDI-Orbitrap, is superior to MALDI-TOF for the 
analysis of low mass compounds in complex samples.  
 
 
Methods 
Cyanoacrylate Fuming 
 Sample slides were taped to the inside of a 2000 mL glass beaker. Two aluminum 
weigh boats were placed at the bottom of the beaker, one containing water and the other a 
drop of superglue. The entire beaker was sealed with parafilm and placed on a hot plate. The 
hot plate was heated to 140-150 °C. Approximately four minutes later, fuming was complete 
and the sample slides removed. 
 
Sample Preparation 
 The behavior of endogenous and exogenous compounds was examined in latent 
fingerprints with and without cyanoacrylate fuming. All experimental methods involving 
human subjects were approved by our Institutional Review Board. Fingerprint samples for 
examining endogenous compounds were prepared by rubbing the finger against the forehead 
and lightly pressing against a glass slide for several seconds. Preparation of the fingerprint 
samples for analyzing exogenous compounds involved handling the substances before 
deposition of the fingerprint. A 1 mg/mL solution of 2,4,6-trinitrotoluene (TNT) in 
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acetonitrile, procaine hydrochloride, and pseudoephedrine hydrochloride were purchased 
from Sigma Aldrich (St. Louis, MO, USA). Procaine and pseudoephedrine were used to 
mimic the effects of cocaine and methamphetamine respectively. The solution of TNT was 
concentrated down to approximately 30 µL and was spotted directly on the finger. Procaine 
hydrochloride and pseudoephedrine hydrochloride were both powders that could be 
physically handled before deposition of the fingerprint. Lidocaine is an ingredient in sunburn 
relief spray, which was purchased from a local retailer. The spray was applied per product 
instructions before fingerprint deposition. 
A glass slide was broken in half and a fingerprint was deposited along the crease so 
that half of the fingerprint was present on each piece of the slide. One half of the slide was 
fumed with cyanoacrylate and the other was not. Matrix was applied to both sides of the slide 
at the same time. They were either sputter coated with silver for five seconds using a 108 
Auto sputter coater (Ted Pella Inc., Redding, CA) or sublimated with 2,5-dihydroxybenzoic 
acid (DHB) using a sublimation apparatus (Chemglass, Wineland, NJ) at 140 °C for 4-5 
minutes in a vacuum (<100 mtorr)9. 
 
Mass Spectrometry Imaging 
A MALDI-linear ion trap-Orbitrap mass spectrometer (MALDI-LTQ-Orbitrap 
Discovery; Thermo Finnigan, San Jose, CA) was used to analyze the fingerprint samples. 
Modifications were made to the instrument so it can accommodate an external, frequency 
tripled 355 nm Nd:YAG laser (UVFQ; Elforlight, Ltd., Daventry, UK)10. All MSI imaging 
data was collected using the Orbitrap mass analyzer that has a mass resolution of 30,000 at 
m/z 400. Portions of the fingerprints were chosen for analysis. Data was collected from m/z 
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100-1000 with a 100 µm raster step and a laser spot size of 10-15 µm. 
  
Results and Discussion 
 Figure 1 describes the typical MADLI-MSI workflow for the chemical imaging of 
latent fingerprints. First, a fingerprint is deposited on a glass sample slide. The next step is 
the optional cyanoacrylate fuming. Then, a MALDI matrix (a substance that absorbs the laser 
energy and aids in desorption and ionization of surface molecules) is applied to the 
fingerprint. In a MALDI-MSI experiment, a laser beam acts as a sampling probe, analyzing a 
small area the size of the laser spot at a time. The laser beam is rastered across the sample 
and a mass spectrum is collected at every point. Images are generated by compiling the signal 
intensities for a specific m/z from each mass spectrum collected. 
 The behavior of endogenous and exogenous compounds was studied in cyanoacrylate 
fumed fingerprints with several different matrices. The endogenous compounds that were 
studied include cholesterol, and several fatty acid and triacylglycerol species. Each of these 
occurred at the same m/z value in the fumed fingerprints as they did in the non-fumed 
fingerprints, indicating that they did not undergo any chemical changes during the fuming 
process. In addition, signal intensities for the endogenous species were comparable in the 
mass spectra of the fumed and non-fumed fingerprints (Figure 2A). Mass spectrometry 
images obtained from fingerprints that had been cyanoacrylate fumed were of equal quality 
to those obtained without any development as seen in Figure 2B.  
 While there was no observed change in the behavior of endogenous compounds due 
to cyanoacrylate fuming, there was one major difference in the behavior of exogenous 
compounds. Some of the most common exogenous compounds in fingerprints come from 
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soaps, shampoos, and other hygiene products. These compounds are usually quaternary 
ammonium derivatives such as distearyldiammonium, behentrimonium, 
benzyldimethyldodecyl ammonium, and centrimonium. We found that their signals are 
significantly suppressed after cyanoacrylate fuming compared to other exogenous 
compounds as shown in Figure 3. However, this signal suppression is not necessarily a 
disadvantage. As these compounds are present with high signal intensity in the majority of 
fingerprints, they would not be useful for the differentiation of individuals. With their signal 
intensity suppressed, it could make other compounds visible that are more useful for 
individual differentiation. We attribute the signal suppression to the ionic nature of these 
compounds. As natural cations, they do not need to be ionized in the MALDI source but 
simple laser-induced desorption is sufficient for mass spectrometry analysis. However, in the 
presence of anionic acrylate compounds that were detected in the negative mode mass 
spectra of fumed fingerprints (not shown), they might readily form cation-anion complexes 
which are neutral and cannot be analyzed by MS, resulting in ion suppression.  
To test this hypothesis, we also looked at the behavior of other exogenous 
compounds: procaine, pseudoephedrine, acetaminophen, trinitrotoluene, and lidocaine. These 
particular exogenous compounds were chosen because of their potential forensic interest; 
procaine and pseudoephedrine are simulants for illicit drugs cocaine and methamphetamine, 
respectively, acetaminophen is a common over-the-counter drug, trinitrotoluene is a common 
explosive, and lidocaine is a pain reliever and local anesthetic. As shown in Figure 3, we 
found that most of these compounds behave similarly to the endogenous compounds that 
were studied and there is no significant adverse effect on their signal intensities under 
cyanoacrylate fuming. This trend supports our hypothesis that cationic compounds may be 
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suppressed by anionic acrylate compounds. Upon closer inspection, procaine and lidocaine 
exhibit some signal suppression, ~40% and ~35% respectively, clearly beyond the 
experimental error (~15%). Procaine and lidocaine are both tertiary amines and therefore 
may be partially present as cationic species in the solid state. Similar to quaternary 
ammonium compounds, it is possible that protonated tertiary amines may form ion-pairs with 
acrylate species in the solid state, resulting in suppression of ion signals.  
 
Conclusion 
 Cyanoacrylate fuming and MALDI-MSI of latent fingerprints are very compatible 
techniques. Important chemical information can still be gained from a fingerprint after it has 
been cyanoacrylate fumed without sacrificing signal intensity. At least for the endogenous 
and exogenous compounds studied in this work, we found no evidence of chemical 
modification due to the fuming process so the data analysis is straight forward. Our result is 
in contradiction to previous efforts8 that failed to reproducibly obtain MALDI-MS images of 
fingerprints after cyanoacrylate fuming. We believe this is mostly due to the difference in the 
instrumentation. MALDI-TOF is operated at high vacuum and produces significant in-source 
decay for fragile organic compounds, especially when high laser energy is used. With an 
acrylate polymer covering the fingerprint surface, significant organic contaminations are 
expected from the in-source decay of this polymer, which would induce ion suppression of 
fingerprint compounds. However, MALDI-Orbitrap used in this study is operated at medium 
pressure, 75 mtorr, and has minimum in-source decay11, with almost no ion suppression. 
Furthermore, the much higher mass resolution of the Orbitrap allows for the clear distinction 
of any fingerprint compound from nearby contamination.  
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 We believe that MALDI-MSI could be a valuable tool for forensic science. The 
chemical information gained from doing MALDI-MSI on a fingerprint could help build a 
profile of a suspect in cases where the fingerprint does not have a match in any database. 
Compatibility with traditional forensic techniques such as cyanoacrylate fuming make it 
more desirable and easier to integrate. As this paper only covers compatibility with one 
technique, we plan to continue studying the compatibility of MALDI-MSI with other 
common techniques in forensics, such as powder dusting and lifting of latent fingerprints.  
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Figures 
 
 
FIG. 1 MALDI-MSI workflow for data acquisition on fingerprints. Details the steps in the 
data collection process for a MALDI-MSI experiment on fingerprints. The necessary steps 
for the experiment include fingerprint deposition, matrix application, mass spectrometry 
imaging measurement, and image compilation. 
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FIG. 2 (A) Relative intensities of endogenous compounds in fumed fingerprints normalized 
to that of non-fumed fingerprints. The error bars correspond to the standard deviations in 
nine replicates from three individuals.  TGs and cholesterol were both analyzed in positive 
mode with DHB as a matrix, and detected as a sodium adduct, [M+Na]+, and protonated with 
a water loss, [M-H2O+H]
+, respectively. Fatty acids were analyzed in negative mode with 
silver as a matrix and was detected as deprotonated, [M-H]-. (B) Mass spectrometry images 
of three representative compounds with and without fuming: m/z 799.68 for TG 46:1; m/z 
369.35 for cholesterol; m/z 253.22 for FA 16:1.  
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FIG. 3 Relative intensities of neutral and ionic exogenous compounds in fumed fingerprints 
normalized to that of non-fumed fingerprints. The error bars correspond to the standard 
deviations in nine replicates from three individuals. All exogenous compounds were analyzed 
in positive mode with DHB as a matrix, except for TNT and lidocaine, which were analyzed 
in negative mode and positive mode respectively, both with silver as a matrix. Cent., 
Centrimonium; BDMDA, benzyldimethyldodecylammonium; Behen. Behentrimonium; DDA, 
distearyldiammonium; Acet., acetaminophen; TNT, trinitrotoluene; Pseud., pseudoephedrine; 
Proc., procaine. Lido., Lidocaine. 
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Abstract 
 Despite cyanoacrylate fuming being widely used in the forensic science field, its 
mechanism is not well understood. In this study, matrix assisted laser desorption/ionization 
(MALDI) mass spectrometry is used to study latent fingerprints that have been cyanoacrylate 
fumed in an attempt to gain insight into the fuming mechanism. In the negative mode mass 
spectrometry data, four compounds related to the polymerization of cyanoacrylate are 
identified and their structures are determined from accurate mass and MS/MS. A mechanism 
is proposed for the formation of these compounds that are regarded as intermediates in the 
polymerization reaction. In addition, based on the fuming of standard endogenous 
compounds, we suggest fatty acids and amino acids are the major catalytic nucleophiles that 
initiate the polymerization reactions. 
 
Keywords 
Forensic Science, Cyanoacrylate Fuming, Polymerization Mechanism, Latent Fingerprints, 
Matrix Assisted Laser Desorption/Ionization Mass Spectrometry 
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Introduction 
 Matrix assisted laser desorption/ionization (MALDI) mass spectrometry imaging 
(MSI) has become a widely used method for the chemical imaging of latent fingerprints1-3. 
This research is being done in an attempt to improve upon current forensic practices. 
Currently forensic labs analyze latent fingerprints by visualizing them and comparing the 
images to a fingerprint database. While this procedure is very useful and has been commonly 
used to identify suspects, it has critical limitations. There can be no match in the database 
because the individual is not in the database or multiple matches when only a partial 
fingerprint is available. Implementing a technique such as MALDI-MSI in the forensic 
science field could provide investigators with additional information about a suspect when 
the database search alone does not yield a fruitful outcome. For example, MALDI-MSI has 
been used to detect illicit materials in latent fingerprints in the laboratory setting and could 
therefore tie an individual to a crime5,6. In addition, research has shown that some 
endogenous fingerprint compounds can be detected3,7 and potentially be used to determine an 
individual’s gender or age8-10. 
 Cyanoacrylate fuming is a frequently used development technique that improves the 
visualization of latent fingerprints. It consists of exposing a latent fingerprint to gaseous 
cyanoacrylate, the active ingredient in superglue, in an enclosed chamber. When exposed to 
cyanoacrylate and increased humidity, a white polymer forms on fingerprint ridges making 
them visible to the eye. Previous research has demonstrated the potential for doing MALDI-
MSI on latent fingerprints that have previously been cyanoacrylate fumed.11 We have 
recently published a more in depth study that proves compatibility between MALDI-MSI and 
cyanoacrylate fuming by showing that signal intensities of compounds and MS image quality 
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are comparable before and after fuming.12  Signal intensities of most endogenous and 
exogenous fingerprint compounds are not affected by cyanoacrylate fuming, with a few 
exceptions. MS signals for compounds with a permanent positive charge, such as quaternary 
ammonium ions commonly found in many hygiene products, have been almost completely 
suppressed with fuming and signals for tertiary amine compounds, such as procaine (a 
simulant for cocaine) and lidocaine (a common local anesthetic) are partially suppressed.  
In spite of its usefulness, little is known about the mechanism of cyanoacrylate 
fuming and there are many conflicting views on the subject4,13. For example, some widely 
debated issues are why the poly(cyanoacrylate) forms preferentially on the fingerprint ridges, 
which endogenous compounds are responsible for this preference, and which nucleophile 
initiates the polymerization reaction. Wargacki et al. have suggested that endogenous eccrine 
compounds, lactate and amino acids, present in only the fingerprint ridges are initiators for 
the polymerization. They suggested the carboxylate group is initiating polymerization, 
explaining why the polymer forms preferentially on these compounds4. However, many 
others in the forensic science field continue to believe water is responsible for the initiation14, 
whereas Czekanski et al. have claimed that cyanoacrylate fuming favors long chain 
hydrocarbons13, but no investigation on the molecular level has been performed. In this 
study, we utilize MALDI-MS and MS/MS to investigate the cyanoacrylate fuming 
mechanism. 
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Methods 
Fingerprint Collection, Cyanoacrylate Fuming, and Matrix Application 
 Fingerprints were collected from five different donors and were deposited on plain 
glass microscope slides after rubbing the finger against the forehead. Cyanoacrylate fuming 
took place immediately after fingerprint deposition. 
A two liter beaker was used as a makeshift fuming chamber. Two aluminum weigh 
boats, one filled with water and the other with a drop of superglue, were placed at the bottom 
of the beaker. Latent fingerprint samples were taped to the side of the beaker. Parafilm was 
used to cover the beaker while it was heated on a hot plate to ~150 °C. Cyanoacrylate fuming 
was complete after about four minutes, when polymer formation became visible on the 
fingerprint surface, and the fumed samples were sputter coated with a silver target for five 
seconds with a 108 Auto Sputter Coater (Ted Pella Inc., Redding, CA). Silver sputtering has 
previously been shown to be a useful matrix for MALDI-MSI of latent fingerprints by 
Lauzon et al.15 The silver coating absorbs laser energy and aids in the desorption and 
ionization of compounds from the surface of the sample. 
 
Mass Spectrometry 
 The instrument used in this study was a MALDI-Linear Ion Trap-Orbitrap mass 
spectrometer (MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San Jose, CA). The 
instrument setup has been modified to accommodate an external frequency tripled 355 nm 
Nd:YAG laser (UVFQ; Elforlight, Ltd., Daventry, UK)16.  Full scans in the Orbitrap mass 
analyzer were done in negative mode for a range of m/z 100-1000 with a mass resolution of 
30,000 at m/z 400. The linear ion trap mass analyzer was used to perform MS/MS with a 
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collision energy of 125 (arbitrary unit) and an isolation window of ±1 Da. 
 
Cyanoacrylate Fuming of Standard Compounds 
 Standard solutions of several common fingerprint compounds were prepared 
including a triacylglycerol (glyceryl tripalmitate), several fatty acids (oleic, stearic, and 
palmitic acids), cholesterol, squalene, amino acids (isoleucine and glutamic acid), and 
sodium lactate. All of the mentioned standards were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Final solutions of 1 mM were pipetted onto a glass slide in a G pattern so 
it could be easily distinguished whether or not polymer formation occurred over the standard 
solution. The fuming procedure for standards was the same as for fingerprints. Photographs 
were taken of the slides after they were cyanoacrylate fumed. 
 
Results and Discussion 
We have previously demonstrated that MALDI-MSI is compatible with cyanoacrylate 
fuming12. Figure 1 shows the negative mode MALDI-MS spectrum of a fumed latent 
fingerprint compared to that of a non-fumed latent fingerprint. Both samples were prepared 
in the same way with silver nanoparticles as a matrix. Endogenous fatty acids (FA 16:0 and 
FA 18:0) are labelled and are present in both fumed and non-fumed latent fingerprints. There 
are three abundant peaks at m/z 177, 224, and 235 that were reproducibly found only in 
fumed latent fingerprints. Additionally, this is unique to negative mode spectra and we could 
not find any such peaks unique to cyanoacrylate fuming in positive mode mass spectra. 
Assuming these peaks were intermediates formed during the cyanoacrylate 
polymerization, elemental composition analysis was performed for their accurate masses. 
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The molecular compositions of m/z 177.067, 224.093, and 235.072 were determined to be 
C9H9O2N2, C11H14O4N, and C11H11O4N2 with mass errors of less than 5 ppm for all three. 
MS/MS was performed on each of these compounds to obtain structural information as 
shown in Figure 2. Potential structures are proposed for these peaks that are consistent with 
the molecular composition and MS/MS. They all have dimeric structures made from 
cyanoacrylate. Once these dimers were identified, we looked more closely at some of the less 
abundant peaks corresponding to larger multimers. A trimer was located at m/z 302 and its 
structure was confirmed by the accurate mass and MS/MS (Figure 2).  
Based on these structures, a reaction mechanism for their formation is proposed as 
shown in Figure 3. The first step of the mechanism is initiated by an anionic nucleophile 
attacking the double bond on a cyanoacrylate, producing a monomeric intermediate labeled 
as I (in Figure 3). This first step is generally agreed upon in literature13,17. Nucleophilic attack 
of this monomer to another acrylate would result in the formation of dimeric intermediate 
labeled as II. This dimer can then further react with another acrylate to make the trimeric 
intermediate labeled as III. Continuous nucleophilic reactions will lead to larger polymers, 
which become visible to the eye. These anionic intermediates have the nucleophile still 
attached but we could not find any evidence of these nucleophile-attached intermediates in 
the mass spectra. We propose that the observed intermediates are the result of the nucleophile 
leaving the dimeric intermediate (II) with the accompanying loss of CN for m/z 224, an ethyl 
acetate group for m/z 177, and a methyl loss along with the cyclic ring formation for m/z 235. 
Similarly, we propose that m/z 302 results from the loss of an ethyl acetate group from the 
trimeric intermediate (III). These observed acrylate species are byproducts of the 
polymerization mechanism. We hypothesize that as the molecular weight of the 
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poly(cyanoacrylate) increases, the desorption efficiency decreases, making the species larger 
than a trimer impossible to see in the mass spectra. 
Finally, we studied which fingerprint compound(s) play a major role in the fuming 
process in order to gain more insight into the polymerization mechanism. More specifically, 
we looked at which endogenous compound(s) may behave as the nucleophile that initiates 
the polymerization in the proposed mechanism. For this purpose, cyanoacrylate fuming was 
performed on several endogenous compound standards deposited on a glass slide, as shown 
in Figure 4. Several different triacylglycerol, fatty acid, and amino acid standards were tested 
and similar results were obtained; however, only one example from each class of compounds 
is shown. There was a wide range of differences in polymer formation on the surface of these 
standard compounds. Polymer formation increases from panel A to D. Triacylglycerols and 
cholesterol had little to no polymer formation, while fatty acids and amino acids had 
significant polymer formation. Our work has confirmed that amino acids react well with 
gaseous cyanoacrylate,12,18 as suggested by previous research, and has shown the same 
potential for fatty acids. 
The level of cyanoacrylate polymer formation on amino acids and fatty acids seems 
similar when standards are prepared at the same concentration. In latent fingerprints, amino 
acids are predominately from eccrine excretions while fatty acids are from predominately 
sebaceous excretions. However, there is a higher concentration of fatty acids in either case 
(2-10 times)19. Amino acids, specifically glutamic acid (one of the most abundant amino 
acids in fingerprints)20, may have an equally significant role in the initiation of the 
polymerization reaction because it is more likely to be present in the anionic form in latent 
fingerprints. Because fatty acids are present in higher concentrations, while amino acids such 
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as glutamic acid may act as better nucleophiles, we believe both species play an important 
part in the polymerization mechanism. We could find the same intermediates of m/z 177, 
203, 235, and 302 in MALDI-MS of both the standards after cyanoacrylate formation, further 
supporting our hypothesis. 
 
Conclusion 
 Valuable insight was achieved for the mechanism of cyanoacrylate polymerization on 
latent fingerprints. Dimer and trimer acrylate species were detected in the mass spectra that 
provide information about the polymerization process. Based on their structures obtained 
from accurate mass and MS/MS, we proposed a mechanism that can explain the early stages 
of cyanoacrylate polymerization. According to the cyanoacrylate polymer formation on the 
standards, we concluded that fatty acids and amino acids would both play a key role, which 
agrees with our proposed mechanism. Although we believe fatty acids and amino acids are 
initiators for the polymerization reaction, it must be noted that water is also likely involved in 
another way. A relative humidity of about 80% is optimal for fuming21, especially for aged 
fingerprints that no longer contain any water themselves. Further studies are needed to fully 
understand the role water has in the polymerization mechanism, and how it interacts with the 
other chemical species involved. 
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Figures 
 
FIG. 1 Negative mode mass spectra of latent fingerprints with and without cyanoacrylate 
fuming. The peaks marked with (●) are compounds unique to the fumed latent fingerprint 
spectra. 
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FIG. 2 MS/MS spectra of four cyanoacrylate related compounds uniquely found in MALDI-
MS of fumed latent fingerprints. 
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FIG. 3 Proposed mechanism for the formation of cyanoacrylate intermediate compounds 
observed in the negative mode mass spectra. 
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FIG. 4 Optical images of four representative fingerprint compounds with varying levels of 
cyanoacrylate polymer formation. The compounds in panels A, B, C, and D are glyceryl 
tripalmitate, cholesterol, glutamic acid, and oleic acid, respectively.  
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Supplementary Figures 
 
Figure S1. MS3 on the main peaks from the MS/MS of the cyanoacrylate dimer at m/z 224. 
Neutral losses from the second parent mass are labelled in red. 
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Figure S2. MS3 on the main peaks from the MS/MS of the cyanoacrylate dimer at m/z 177. 
Neutral losses from the second parent mass are labelled in red. 
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Figure S3. MS3 on the main peaks from the MS/MS of the cyanoacrylate trimer at m/z 302. 
Neutral losses from the second parent mass are labelled in red. 
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CHAPTER 4.    EFFECT OF AGING AND SURFACE INTERACTIONS ON THE 
DIFFUSION OF ENDOGENOUS COMPOUNDS IN LATENT FINGERPRINTS 
STUDIED BY MASS SPECTROMETRY IMAGING 
Modified from a manuscript published in Journal of Forensic Sciences 
Kelly C. O’Neill, Young Jin Lee 
 
Abstract 
 The ability to determine the age of fingerprints would be immeasurably beneficial in 
criminal investigations. We explore the possibility of determining the age of fingerprints by 
analyzing various compounds as they diffuse from the ridges to the valleys of fingerprints 
using matrix assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI). 
The diffusion of two classes of endogenous fingerprint compounds, fatty acids and 
triacylglycerols (TGs), was studied in fresh and aged fingerprints on four surfaces. We 
expected higher molecular weight TGs would diffuse slower than fatty acids and allow us to 
determine the age of older fingerprints. However, we found interactions between endogenous 
compounds and the surface have a much stronger impact on diffusion than molecular weight. 
For example, diffusion of TGs is faster on hydrophilic plain glass or partially hydrophilic 
stainless steel surfaces, than on a hydrophobic Rain-x treated surface. This result further 
complicates utilizing a diffusion model to age fingerprints. 
 
Keywords 
Forensic Science, Latent Fingerprints, Aging, Diffusion, Surface Interactions, Matrix 
Assisted Laser Desorption/Ionization Mass Spectrometry Imaging 
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Introduction 
For over a century, fingerprints have been one of the major means of identification in 
the criminal justice system. However, the current procedure, which consists of visualizing 
latent prints with a forensic carbon-based powder and running the image through a database 
for a match, is limited and has not advanced over time. If the database search does not yield a 
match, the evidence provides no further information until the suspect is identified by other 
means. With modern advances in technology, such as using mass spectrometry imaging 
(MSI) to obtain chemical information from a fingerprint(1), procedure does not need to end 
with a database search. Further evidence can be acquired from the composition of both 
endogenous compounds (chemicals inherent to the fingerprint such as amino acids, 
cholesterol, fatty acids and lipids)(2-4) and exogenous compounds (chemical contaminants 
from the environment with which the finger has come into contact such as drugs or 
explosives)(5, 6) in the latent print. There has been significant research using various 
methods including Fourier Transform infrared spectroscopy(6), gas chromatography-mass 
spectrometry(7-9), and mass spectrometry imaging(10) to identify these endogenous and 
exogenous compounds that make up latent fingerprints and to distinguish between different 
sexes, ages, etc. using endogenous materials.(11-13) While the identification of exogenous 
compounds has been successful, more research is needed before endogenous compounds can 
be utilized to reliably differentiate individuals.(11)  
 Another area that has recently gained interest is developing a method to estimate the 
age of fingerprints in order to determine relevance at a crime scene.(3, 14) Such capabilities 
might be extremely valuable for investigations, but there is no reliable method currently 
available. Once successfully developed, it would allow for investigators to screen suspect 
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pools to focus only on people with access to the crime scene, and also potentially create a 
timeline for the crime. There have been several past attempts to develop such a method as 
recently reviewed by Girod et al. (15), but so far with limited success. For example, Alcaraz-
Fossoul et al. have attempted to age fingerprints based on degradation by studying the color 
contrast between the powder on the fingerprint ridges and lack thereof in the valleys and the 
number of minutiae visualized with the powder over time.(14) This approach is similar to 
other approaches that look at the quality of the fingerprint and how easy it is to enhance 
using standard forensic techniques. Despite methods such as these being extremely 
subjective, they are the most commonly cited in court cases.(15)  
Studying how the chemical composition of the fingerprint changes over time allows 
for more quantitative aging models. While more quantitative methods have improved 
fingerprint aging models, they are still subject to disadvantages. For example, they are very 
dependent on environmental factors and affected by the great variation in the chemical 
composition of fingerprints between individuals. Despite these drawbacks, several different 
approaches to determine the age of fingerprints have been developed using chemical 
composition. While studying fluorescence spectroscopy as a means for detecting latent 
fingerprints, Menzel et al. suggest that the fluorescence color of fingerprints change over 
time and could therefore be used to model age.(16) More recently, several groups, including 
Archer et al.(9), Girod et al.(7), and Weyermann et al.(8), have attempted to use the 
degradation of various endogenous compounds as a fingerprint aging model using GC-MS. 
Muramoto et al. have reported that the diffusion of endogenous fatty acids from the ridges 
into the valleys of the fingerprint can be used to determine its age.(3) There is great potential 
for this model because it combines chemical diffusion and mathematical approaches. 
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Unfortunately, they were only able to age fingerprints up to two days old due to the relatively 
fast diffusion of fatty acids. Considering the inverse relationship between the diffusion 
coefficient and molecular weight, they suggested that a larger molecule could be used to 
determine the age of fingerprints that were present for a much longer time.(3)  
Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) can 
detect large molecules fairly well, including triacylglycerol (TG) species commonly found in 
fingerprints, unlike time-of-flight secondary ion mass spectrometry (TOF-SIMS) used in the 
previous study. With this idea in mind, we hypothesized that MALDI-MS could determine 
the age of fingerprints over a longer period of time by monitoring the diffusion of 
endogenous TGs. The measurable age could be up to five times longer considering TGs have 
molecular masses three times higher than fatty acids and the diffusivity is inversely 
proportional to the molecular weight to the power of 1.5.(3) Another important variable in 
fingerprint aging is the interaction between fingerprint compounds and substrate surface, 
which was not studied in earlier work(3) but could have significant effect on the surface 
diffusivity of fingerprint chemicals. In this work, we investigated the diffusion of fatty acids 
and TGs on various surfaces to understand the effect molecular weight and surface 
interactions have on their diffusion. Qualitative correlation could be made between 
hydrophilicity and/or hydrophobicity of the surface and diffusion of fingerprint compounds, 
providing an insight into developing a diffusion model for fingerprint aging. 
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Materials and Methods 
Fingerprint Deposition, Aging, and Matrix Application 
 Fingerprints were analyzed on a variety of different surfaces including plain glass 
microscope slides, glass microscope slides treated with Rain-x brand water repellant, 
stainless steel slides, and the non-adhesive side of scotch tape (polyethylene terephthalate 
polymer). Fingerprint samples were prepared by rubbing the right thumb against the forehead 
and then lightly pressing the thumb to the desired surface for several seconds (all 
experimental methods involving human subjects were approved by our Institutional Review 
Board). One of the fingerprint samples was placed in an oven at 55 °C and incubated for 24 
hours to simulate aging and another was prepared fresh and immediately analyzed. 
 For analyzing fatty acids, fingerprint samples were sputter coated for five seconds 
with a silver target using a 108 Auto sputter coater (Ted Pella Inc., Redding, CA). The 
sputter coater allows for very homogeneous and reproducible matrix application over the 
fingerprint. For the analysis of TGs, fingerprint samples were sublimated with 2,5-
dihydroxybenzoic acid (DHB) at 140 °C for five to six minutes to get a thin layer of DHB 
matrix covering the entire sample. DHB (98%) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Rain-x water repellant and scotch tape were purchased from a local 
Walmart store. 
 
Acquisition of Mass Spectrometry Imaging Data 
A MALDI-linear ion trap-Orbitrap mass spectrometer (MALDI-LTQ-Orbitrap 
Discovery; Thermo Finnigan, San Jose, CA) was used for the analysis of all samples. The 
instrument has been modified to accommodate an external, frequency tripled 355 nm 
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Nd:YAG laser (UVFQ; Elforlight, Ltd., Daventry, UK). MS imaging data was collected 
using the Orbitrap mass analyzer with a mass resolution of 30,000 at m/z 400. Portions of the 
fingerprints were chosen for analysis. Fatty acids were analyzed in negative ion mode from 
m/z 100-1000 and TGs were analyzed in positive ion mode from m/z 500-1000. Both 
analyses were done at a laser energy of 86%. A raster step of 100 µm and a laser spot size of 
10-15 µm in diameter were used for all imaging runs.  
 
Data Analysis 
 Images were generated for the selected m/z of interest using ImageQuest (Thermo) 
and MSiReader (v. 0.09; North Carolina State University).(17) Fingerprint ridge profiles 
were generated by mapping the signal intensity across the ridge using MSiReader. The 
diffusion can be defined by the differences between the ridge profile for the fingerprint that 
had been incubated for 24 hours and the freshly prepared fingerprint sample. The major 
difference between the incubated (i.e. aged) fingerprints and fresh fingerprints is that the 
incubated fingerprints have higher minimum signal intensity in the valleys.  
 
Determination of Surface Contact Angles 
 Each of the surfaces were placed on top of a horizontal surface (i.e. the top of an 
Erlenmeyer flask) and a camera was adjusted so it was level with the bottom of the surface. 
A 2 µL drop of water was pipetted onto the surface and a picture was taken. The Fiji ImageJ 
software(18) was used to measure the surface contact angles by fitting a mathematical 
expression to the shape of the drop. The surface contact angles were determined by averaging 
three drops on each surface. 
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Results and Discussion 
 For the best results, we used separate sample preparation methods for the imaging of 
two target classes of compounds in fingerprints: sputter coating of silver for fatty acid 
analysis and sublimation of DHB for TG analysis. Figure 1 shows representative mass 
spectra of chemical fingerprints obtained with DHB in positive mode and silver coating in 
negative mode. In positive mode, a series of TG species are visible between m/z 750-1,000, 
as well as a couple of diacylglycerol (DG) fragments at m/z 589 and 615. The most abundant 
peak in the positive mode spectrum is dimethyldioctadecyl ammonium (DDA) at m/z 550, a 
common ingredient in hygiene products and often present in fingerprints. In negative mode, 
the two most abundant fatty acids are palmitic acid (16:0) at m/z 255 and stearic acid (18:0) 
at m/z 283. Palmitic acid (FA 16:0) and TG (50:2) were chosen for the subsequent diffusion 
analysis.   
Figure 2A-D show MS images of TG 50:2 and FA 16:0 obtained from fresh and aged 
fingerprints on glass slides. There is a slight diffusion clear for both of the compounds after 
accelerated aging at 55 °C for 24 hours, but there seems to be almost no difference in the 
degree of diffusion. In order to more quantitatively assess the amount of diffusion, intensity 
profiles were obtained across multiple points in the fingerprints orthogonal to ridge patterns, 
as shown in Figure 3. The information for the fingerprint ridge profiles was gathered with the 
point mapping tool in MSiReader. The signal intensities at four points across each fingerprint 
ridge were recorded: one point in the valley before the ridge, two points on the ridge, and one 
point in the valley after the ridge. The distance from each of these points to the starting point 
was measured using another tool in MSiReader. The ridge profiles were created by graphing 
the signal intensity as a function of distance from the first minimum intensity, which 
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corresponds to the distance = 0 point. The signal intensity is normalized to the highest 
intensity from each sample. Each ridge profile represents the average of five to six different 
ridges on one fingerprint sample. Ridge profiles were also created using the region of interest 
tool in MSiReader. A region of interest across the fingerprint ridge could be selected and 
signal intensities downloaded for each pixel in the region (pixel size is 100 µm x 100 µm). 
Ridge profiles created in this manner gave results similar to those created with the point 
mapping method.  
In the intensity profiles shown in Figure 3A and 3B for fingerprints on a glass 
surface, both of the compounds clearly diffused as they age, but to our surprise, there was no 
significant difference in the amount of diffusion between the two compounds over the same 
time period. In both cases, the incubated fingerprint ridge profiles show a minimum intensity 
between 35 and 50% of the maximum intensity and the amount of diffusion between the 
fresh and aged ridge profile measured at 50% of the maximum intensity is about 0.1 mm. 
This is in contrast to the fact that molecular diffusivity is thought to be inversely proportional 
to the molecular weight.(3) These results indicate that molecular weight is not the only 
parameter that affects the diffusion characteristics of fatty acids and TGs in fingerprint 
samples.   
Considering the significant difference in polarity between fatty acids and TGs, we 
hypothesized that surface interactions might be important in the diffusion rate of these 
molecules. Fatty acids have both polar and non-polar groups, whereas TGs are almost 
completely non-polar. Hence, it is possible that the faster diffusion of fatty acids due to their 
low molecular weight would be slowed down by interactions with the polar glass surface. In 
contrast, non-polar TGs would have almost no interaction with the glass surface. We tested 
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this hypothesis by performing aging experiments on three additional surfaces: Rain-x treated 
glass, stainless steel, and polyethylene terephthalate (PET). The surface contact angle of a 
water droplet is often used as a good measure of surface hydrophilicity or hydrophobicity. 
Table 1 shows the contact angles measured for the surfaces used in this study. Low contact 
angles below 90° are considered hydrophilic. In contrast, hydrophobic surfaces have contact 
angles above 90° and can reach as high as ~120°. According to this measurement, plain glass 
is considered polar (hydrophilic), Rain-x treated surface is non-polar (hydrophobic), and 
stainless steel and PET surfaces are partially polar (partially hydrophilic). 
 As expected, both TGs and fatty acids showed decreased diffusion in their MS images 
over the same 24-hour period when deposited on a hydrophobic Rain-x surface (Figure 2E-
H). Fingerprint ridge profiles were also created for diffusion on the Rain-x treated glass 
slides (Figure 3C-D). The minimum signal intensity for the aged TGs did not go above ~12% 
of the maximum intensity, whereas for fatty acids, the minimum signal intensity reached 
about 40% of the maximum intensity. The overall distance the analytes diffused also 
decreased on the hydrophobic surface. The diffusion of TGs and fatty acids was about 0.06 
mm and 0.08 mm, respectively, when measured at 50% maximum height compared to about 
0.1 mm on the polar glass surface. The TG diffusion decreased more than the fatty acid 
diffusion, which can be attributed to the fact that TGs are very hydrophobic with three long 
fatty acyl chains while fatty acids are partially hydrophilic because of the carboxyl end. The 
hydrophobic interaction of TGs with the Rain-x surface is much stronger than that of fatty 
acids, slowing the diffusion of TG compounds more than fatty acids.  
Both TGs and fatty acids seemed to have similar diffusion on the partially hydrophilic 
stainless steel surface as on the glass surface and slightly more diffusion than on the Rain-x 
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treated glass. This is seen in both the MS images (Figure 2I-L) and the fingerprint ridge 
profiles (Figure 3E-F). This is in agreement with our expectation that TGs and fatty acids 
would have weaker hydrophobic interactions with stainless steel than with the Rain-x treated 
surface. In contrast, a minor difference in hydrophilicity between plain glass and stainless 
steel surfaces (contact angles of 41° vs 68°) seem not sufficient to show a clear difference in 
diffusion. Overall, the effect of molecular weight seems not important, obscured by the 
difference in hydrophilicity or hydrophobicity of the compounds. For example, fatty acids 
appear to have less diffusion than TGs on stainless steel, presumably due to the surface 
interactions of the hydrophilic carboxyl group with the partially hydrophilic surface. This 
result supports the hypothesis that the properties of the surface upon which the fingerprint is 
deposited have the greatest impact on the diffusion rate of compounds. Therefore, in order to 
accurately age a fingerprint using the diffusion method, the interactions between the analyte 
of interest and the surface would first need to be understood.  
The properties of PET yielded very different diffusion results than the other surfaces 
(Figure 2M-N, 3G). PET has a similar contact angle to the stainless steel surface, ~70° (Table 
1), so we expected it would have a diffusion profile similar to stainless steel as well. 
However, after fingerprint samples were incubated for 24 hours on PET, the fatty acids were 
completely diffused out, with the ridges no longer discernable as in Figure 2N. Signal 
intensities for fatty acids were relatively consistent across the distance of an average 
fingerprint ridge (Figure 3G). We were not able to study TG diffusion on PET because the 
sublimation procedure was not compatible with the surface. Very little DHB was deposited 
on PET with fresh fingerprints and even less was deposited following incubation of the 
surface at 55 °C. We obtained similar results in replicate experiments, and the representative 
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images and ridge profiles are shown in Figures S1 and S2 respectively.  
It is possible that the rapid diffusion of fatty acids on PET might be related to the fact 
that we used a moderately high temperature (55 °C) to accelerate aging. Unlike other solid 
surfaces, a polymer such as PET could be more affected by heating. To test this hypothesis, 
an experiment was conducted comparing the diffusion of palmitic acid in fresh fingerprints 
and after aging at room temperature on PET and glass surfaces. As shown in Figure 4, the 
amount of diffusion after one week is comparable between the two surfaces. This is similar to 
the previous finding that the difference in the amount of diffusion is minimal between a polar 
glass surface and a partially polar stainless steel surface (Figure 3). We attempted to 
determine which surface property of PET is changing at high temperature; however, we 
could not find any direct evidence. For example, the contact angle measured at 55 °C was 
similar to that at room temperature, and the thermal expansion is calculated to be minimal at 
55 °C. Among the possible explanations is the release of unreacted monomers at high 
temperature, which rapidly diffuse aiding the diffusion of other compounds. 
 
Conclusion 
 In this work, the diffusion of two classes of endogenous fingerprint compounds, fatty 
acids and TGs, was studied as they aged on various surfaces. We found that the interactions 
between the endogenous compounds and the sample surface play a very important role in the 
molecular diffusivity of the compounds, and has a much greater impact than the molecular 
weight. Therefore, it would be critical to understand all the properties of the surface if 
attempting to age a fingerprint based on the diffusion of endogenous compounds. The degree 
of surface interactions, or the diffusion, is relatively well correlated with the hydrophilicity or 
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hydrophobicity of the surface measured from water contact angles; however, polymer 
surfaces such as PET showed rapid diffusion when aged at a high temperature.  
 Our original hypothesis was that higher molecular weight compounds could be used 
to age fingerprints over longer periods of time based on a diffusion model. Our findings 
indicate that this statement is dependent upon the deposition surface. For example, while 
higher molecular weight TGs diffuse slower than fatty acids on a hydrophobic surface, fatty 
acids may diffuse more slowly than TGs on a hydrophilic surface. This study suggests that 
determining the age of a fingerprint is much more complex than previously proposed because 
molecular weight alone cannot indicate how fast endogenous compounds will diffuse on a 
given surface and the diffusion rate of a given compound may also be different depending on 
the surface. However, we believe it is still doable with a comprehensive understanding of the 
surface interactions of endogenous compounds. In addition to surface interactions, the impact 
of other environmental factors, such as temperature and humidity, on diffusion also need to 
be considered and studied in the future.  
 This study has expanded upon the diffusion model for fingerprint aging investigated 
by Muramoto et al.(3) We determined that surface interactions play an important role in the 
diffusion of endogenous compounds and would need to be included in the model for it to be 
accurate. In addition, temperature has a much greater effect on some surfaces, such as PET, 
than on others. Therefore the exact role temperature plays would need to be determined 
separately for each individual surface and taken into account, further complicating the 
diffusion model. Other researchers (7-9) have demonstrated partial success in studying the 
degradation of lipids as an approach for fingerprint aging. We could not find any degradation 
of fatty acid or triacylglycerol species in the current data set; however, it could be a good 
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subject to pursue in the future. 
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Tables 
Table 1. Water contact angles for the surfaces used in this study for the diffusion of 
fingerprint compounds. 
Substrate Surface Average Water Surface Contact Angle 
Plain Glass Microscope Slide 40.6° 
Rain-x Treated Glass Microscope Slide 101.7° 
Stainless Steel Slide 68.3° 
Polyethylene Terephthalate Polymer 70.5° 
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Figures 
 
FIG. 1 Representative MS spectra of fingerprints obtained with DHB in positive mode and 
silver nanoparticles in negative mode. Open triangles represent TG species, DG* 
represents diacylglycerol fragments, and DDA represents dimethyldioctadecyl 
ammonium. The asterisks represent chemical contaminants.  
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FIG. 2 MS images for fingerprints analyzed fresh and after 24 hour incubation at 55 °C on 
various surfaces. A-D are the fingerprints on plain glass slides, E-H are on Rain-x 
treated glass slides, I-L are on stainless steel slides, and M-N are on PET. The first 
and third rows are the images analyzed immediately after deposition and the images 
in the second and fourth rows are analyzed after 24 hour incubation at 55 °C. The first 
two rows are the images of [TG 50:2 + Na]+ in positive mode, and the third and 
fourth rows are the images of [FA 16:0 – H]- in negative mode. There are no images 
for TG 50:2 on PET because the sublimation procedure was not compatible with the 
PET surface. 
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FIG. 3 Fingerprint ridge profiles obtained from MS images in Figure 2 comparing fresh and 
incubated fingerprints on various surfaces. These profiles were created by starting at 
the low intensity point between two ridges and mapping the intensity over the ridge to 
the low intensity point on the other side. Intensities are normalized to the highest 
intensity from each sample. The blue line with closed circle is an average of 5-6 fresh 
fingerprint ridges and the orange line with open circle is an average of 5-6 fingerprint 
ridges after incubation at 55 °C for 24 hours. The error bars correspond to the 
standard deviations in the direction of diffusion. 
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FIG. 4 Fingerprint ridge profiles for the diffusion of fatty acid 16:0 on fresh fingerprints 
(blue line, closed circle) and fingerprints aged at room temperature for 1 week (gray 
line, open circle), performed on PET and glass surfaces. Each line is the average of 5 
ridges on the fingerprint.  
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Supplementary Figures 
 
Figure S1. MS images for fingerprints analyzed fresh and after 24 hour incubation at 55 °C 
on various surfaces. A-D are the fingerprints on plain glass slides, E-H are on Rain-x treated 
glass slides, I-L are on stainless steel slides, and M-N are on PET. The first and third rows 
are the images analyzed immediately after deposition and the images in the second and fourth 
rows are analyzed after 24 hour incubation at 55 °C. The first two rows are the images of 
[TG 50:2 + Na]+ in positive mode, and the third and fourth rows are the images of [FA 16:0 – 
H]- in negative mode. There are no images for TG 50:2 on PET because the sublimation 
procedure was not compatible with the PET surface. 
58 
 
Figure S2. Fingerprint ridge profiles obtained from MS images in Figure 2 comparing fresh 
and incubated fingerprints on various surfaces. These profiles were created starting at the low 
intensity point between two ridges and mapping the intensity over the ridge to the low 
intensity point on the other side. Intensities are normalized to the highest intensity from each 
sample. The blue line is an average of 5-6 fresh fingerprint ridges and the orange line is an 
average of 5-6 fingerprint ridges after incubation at 55 °C for 24 hours. 
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CHAPTER 5.    TRIACYLGLYCEROL PROFILES IN LATENT FINGERPRINTS 
REVEAL DIET, EXERCISE, AND HEALTH INFORMATION FOR FORENSIC 
EVIDENCE 
Modified from a manuscript published in Analytical Methods 
Kelly C. O’Neill, Paige Hinners, Young Jin Lee 
 
Abstract 
 Triacylglycerols (TGs) are a primary component of human skin oils and are therefore 
a major constituent present in latent fingerprint residue. We hypothesize that differences in 
the TG profile of the latent fingerprint, such as the relative level of saturation of the fatty acyl 
chains, may link back to the overall health of the subject, specifically correlated to diabetes. 
A small scale proof-of-concept study was performed to test this hypothesis. The biggest 
differences observed were in the relative amounts of completely saturated TGs compared to 
TGs with one or more double bonds; however, hierarchical clustering could not differentiate 
diabetic and non-diabetic participants. The role of other factors such as diet and exercise was 
explored from subsets of the non-diabetic participants. Vegetarian participants had higher 
relative levels of saturated TGs compared to those without diet restrictions; however, people 
on a low carbohydrate or ketogenic diet were not distinguishable from the control population. 
In terms of exercise, male participants who were very active had lower levels of saturated 
TGs compared to males who did not exercise at all. In contrast, exercise did not have much 
of an effect on the TG profile of female participants. While the outcome of this study is only 
tentative due to the lack of statistical power, it suggests the potential of TG profiles to be 
linked to health information, diet and exercise. 
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Introduction 
 Fingerprints are one of the most common means of personal identification and have 
been used in the criminal justice system for more than a century. However, there are several 
limitations in the way latent fingerprints are currently analyzed. The biggest limitation with 
this workflow is that fingerprints are useful evidence only if a match for the obtained 
fingerprint is found in the database. If the fingerprint cannot be connected back to a specific 
individual, it is not useful for evidence. Recent research is looking to increase the evidentiary 
value of such fingerprints by obtaining additional information from the chemical profile of 
the fingerprint.1-4 Latent fingerprints consist of chemicals that are naturally present in sweat 
or those that are excreted through pores in the finger. These chemicals are known as 
endogenous compounds and include fatty acids, amino acids, and triacylglycerols (TGs). 
Fingermarks may also contain chemicals with which the finger has come into contact, often 
called exogenous compounds. These can include anything from consumer products to illicit 
drugs and explosives. Previous research efforts have studied endogenous compounds in latent 
fingerprints to determine traits that correspond to the donor.5 For example, amino acids are 
known to be useful for determining the sex of the subject6 and lipid profiles have been used 
to narrow down the age of the subject.7 Research has also shown that exogenous compounds 
in fingerprints can be used to connect an individual to a certain lifestyle or illicit activity.8-11  
 Mass spectrometry imaging (MSI) provides the advantage of simultaneous collection 
of both chemical and spatial information, making it popular for the analysis of latent 
fingerprints because an image that could be used for a database search is generated while 
additional chemical information is being obtained. As a surface technique, MSI requires very 
little sample preparation. This is in contrast to gas chromatography (GC) and liquid 
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chromatography (LC)-MS techniques, which both require lengthy extractions. Additionally, 
GC-MS and LC-MS often require the extraction of 3-5 fingerprints to get good signal for 
endogenous compounds12, whereas MSI only requires one. Moreover, the imaging capability 
of MSI allows for the differentiation of fingerprint compounds from surface contaminations. 
Desorption electrospray ionization (DESI)13 and secondary ion mass spectrometry (SIMS)14 
have both been utilized for imaging of latent fingerprints; however, matrix assisted laser 
desorption/ionization (MALDI) has become the most popular technique for this application 
because it is robust, versatile, and minimally destructive.1, 15 Fingerprints have almost no 
apparent damage after MALDI-MSI analysis and could be used as evidence in court 
proceedings or additional analysis. Furthermore, MALDI-MSI is useful for forensic analysis 
of latent fingerprints because it has proven to be compatible with current forensic 
development techniques, making integration into labs more likely.16, 17 
 TGs are one of the most common classes of compounds found in latent fingerprints 
and consist of a glycerol backbone and three fatty acid chains of various lengths and double 
bonds. Attempts have been made to use TGs to distinguish particular traits such as sexes18-20, 
races21, ages7, and diets20; however, each case was found to be inconclusive, not statistically 
significant, or only tentative due to a relatively small sample size. As TGs are involved in 
many health conditions22, we hypothesize the TG profiles in latent fingerprints could 
potentially identify health information of individuals, specifically how they relate to 
metabolic diseases such as diabetes. Previous research has shown free fatty acid composition, 
such as chain length and level of unsaturation, effect the release of insulin23, 24, suggesting a 
potential correlation between fatty acyl chains on TGs and diabetes. This could be useful in 
the forensic field because the ability to determine if an unknown suspect is diabetic would 
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drastically narrow the suspect pool. In addition, this could also have potential applications in 
medical diagnostics. Analyzing a latent fingerprint is extremely non-invasive, making it a 
potentially very useful diagnostic tool. In this work, a small scale study is conducted to test 
the hypothesis that the TG profile in latent fingerprints is a feasible way to determine health 
information about an individual, specifically in relation to diabetes. 
 
Methods 
Sample Collection and Preparation 
 In order to determine the variability in the TG profile of an individual, a single donor 
gave a fingerprint at five different times over the course of several months. These 
fingerprints were prepared as described below and were run separately on the mass 
spectrometer, taking both individual and instrument variability into account. 
Volunteers were recruited among the students, staff, and faculty of Iowa State 
University for fingerprint donation. All methods involving the research on human subjects 
was approved by our institutional review board. Participants were asked to briefly rub a 
finger against their forehead before lightly placing it on a glass slide. Groomed fingerprints 
were used to ensure good TG signals from all participants. 79 total participants were 
recruited and they varied in sex, race, age, and lifestyle. There were 36 male and 43 female 
participants and 16 total who had previously been diagnosed with diabetes (no discrimination 
between type 1 and type 2 diabetes). Fingerprints were collected 4-8 at a time so they would 
all fit in the sample plate at the same time and were stored in a desiccator until analysis 
(desiccator storage time did not exceed four hours).  
 Once the fingerprints were collected, they were sprayed with a sodium acetate (Alfa 
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Aesar, Ward Hill, MA) solution and sputter coated with a gold target (Ted Pella Inc. 
Redding, CA). The sodium acetate (10 mM in methanol) was applied using a TM Sprayer 
(HTX Technologies LLC, Chapel Hill, NC). The TM Sprayer method included 8 passes at 30 
°C with a flow rate of 0.03 mL/min and a linear velocity of 1200 mm/min. The gold sputter 
coating was done at 40 mA for 10 seconds (~2.8 nm thickness)25 on a 108 Auto Sputter 
Coater (Ted Pella Inc. Redding, CA). The combination of spraying sodium acetate and 
sputter coating with gold was modified from a previously reported method.26  
 
Instrumentation 
 Data was exclusively collected on a MALDI-linear ion trap (LIT)-Orbitrap mass 
spectrometer (MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San Jose, CA). The mass 
spectrometer includes a modification to incorporate an external frequency tripled 355 nm 
Nd:YAG laser (UVFQ; Elforlight, Daventry, UK). Mass spectra were collected in positive 
ion mode using the Orbitrap mass analyzer from m/z 500-1000 with 10 laser shots per 
spectrum and a raster step of 100 microns. Data analysis was done using Xcaliber and 
ImageQuest (ThermoFisher Scientific).  
 
Hierarchical Clustering 
 Mass spectra were averaged over the entire region of the fingerprint that was imaged. 
Hierarchical clustering was done using the online statistical software MetaboAnalyst27. The 
data submitted to MetaboAnalyst was a list of the normalized TG signal for the 20 most 
abundant TGs observed in the latent fingerprints of each participant. The TGs were 
normalized to the most abundant TG in the spectrum. 
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Results and Discussion 
Day-to-day variation in an individual 
 First, an experiment was performed to determine the variability for a single individual 
and the best method to minimize day-to-day variation. Previous research has shown that there 
is a fair amount of variability in the chemical profile of a fingerprint made by the same donor 
on different days.28 Weyermann et al. showed that cholesterol and squalene levels measured 
by GC-MS were different not only from day to day, but also in different measurements on 
the same day. Similarly, we experienced differences in the absolute signal of TG species in 
our experiment. Supplementary Figure 1 shows variation in absolute signal of the most 
abundant TG over three separate 24 hour time periods. In order to account for some of this 
variability, TG species were normalized to the most abundant TG in each fingerprint. 
Supplementary Figure 2 shows three normalized TG profiles that were extracted from these 
trials and look similar regardless of the time of day. The normalized ratios proved to be 
relatively consistent with the relative error of less than 10% for each TG. Figure 1 shows the 
average TG profile for a single donor on five separate days (and at different times of day) 
over the course of several months. The standard deviations were also for the most part less 
than 10%, with a few exceptions for TGs with low absolute signal. Similar results were 
obtained regardless of individuals or instrument conditions. These results indicate that 
normalized TG profiles are a reliable way to compare between individuals. Thus, our 
subsequent study was focused on comparing relative TG patterns (i.e., fatty acyl chain length 
and unsaturation) depending on health information.  
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Impact of Diabetes on TG Profile 
 A small scale study was performed with the intent to determine if TG profiles could 
be used as a means to distinguish between diabetic and non-diabetic individuals. In this 
study, fingerprints were collected from 79 total individuals (36 males and 43 females). This 
number includes 16 people who have previously been diagnosed with diabetes and 63 
healthy individuals. Six representative MS images of different TGs detected in the 
fingerprints of three participants are shown in Figure 2. Each row has an odd and an even 
chain length TG from the same individual, both of which are localized to the fingerprint 
ridges. While the color (representing the signal intensity) may be slightly different between 
images, each TG is localized to the fingerprint ridges regardless of chain length or level of 
unsaturation. It has been well known that human sebaceous glands produce unusual surface 
lipids containing odd chain fatty acyl chains.29 
A visualization of the twenty most abundant TG profiles is made as a heat map in 
Figure 3, with hierarchical clustering analysis using MetaboAnalyst 
(https://www.metaboanalyst.ca/). It clusters participants with similar TG profiles together in 
the same part of the heat map. The columns in the heat map represent each individual 
participant and the rows represent each specific TG species. The color of each square 
indicates the relative intensity of the given TG for each individual, with red meaning there is 
a higher relative intensity for that peak than blue.  
The heat-map is broken up into three main clusters of participants. No particular TG 
species stands out more than the others; instead it seems the abundance of overall unsaturated 
TG species plays a key role in this clustering. Group I consists of individuals with overall 
high levels of unsaturated TG species. In contrast, Group III has mostly low levels of 
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unsaturated TGs. Group II seems to have relatively good balance of high and low unsaturated 
TGs. As Group II is the largest, it can be split up into two subgroups: Group IIA and Group 
IIB. The best distinguishing feature between the two subgroups is that Group IIA has higher 
relative abundance of saturated TGs than Group IIB. Most diabetic participants (14 out of 16) 
are present in Group II. Within Group II, the diabetics are pretty evenly split between Groups 
IIA and IIB, although there are more type 2 diabetes participants (3 out of 4) in Group IIA. 
Overall, there is no clear distinction between diabetic participants and healthy individuals.  
There is a fair amount of variation even among the healthy controls. Some healthy 
individuals were clustered in Group I with high unsaturated TGs and low saturated TGs, 
while some healthy individuals show the opposite trend in Group III. There are some general 
trends suggesting diabetes patients have more abundant saturated TGs, especially for type 2 
diabetes (i.e., Group IIA); however, this effect is obscured by other factors in the current 
small scale study. For example, most of the participants in Group III with elevated saturated 
TGs were participants who do not exercise at all or rarely exercise. For a better 
understanding of  other factors, the data set for healthy individuals was carefully examined to 
find any correlations between diet or exercise and relative TG saturation levels. The results 
are discussed in the following sections. 
 
Impact of Exercise on TG Profile  
 After noticing the similarities between the participants in Group III, the effect of 
exercise on TG profiles was explored. Out of 63 total healthy individuals from the previous 
section, fingerprint data from 8 male and 8 female participants were separated out for further 
data analysis. These individuals were chosen because their surveys indicated they had a very 
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clear exercise routine (either they exercised regularly or not at all) while also having a similar 
diet. These 16 participants all had an average diet with three meals per day and no diet 
restrictions. The male participants include 4 that exercise every day and 4 that do not 
exercise, whereas the female participants include 5 that exercise on a regular basis, and 3 that 
do not exercise. The most apparent difference between the two groups is the highly abundant 
saturated fatty acyl chains (i.e., TG x:0) among the non-active males compared to the active 
males as shown in Supplementary Figure 3 with two representative examples. Saturated 
TGs marked in red show almost three times greater relative ion signals for the non-active 
participant than that of the active participant. It should be noted that di-unsaturated TGs (i.e., 
TG x:2) are often more abundant than mono-unsaturated TGs (i.e., TG x:1) in the active 
participant, especially for TGs with long chain acyl groups such as TG 48:2 at m/z 825.69 
and TG 49:2 at m/z 839.70. 
 The result is summarized in Figure 4 for the three most abundant saturated TGs 
normalized to the most abundant TG in the series with the same number of carbons. Other 
normalization strategies were also tested and similar results were achieved (data not shown). 
For most participants, the monounsaturated TG was the most abundant in the series (i.e., TG 
x:1), although some people had the doubly unsaturated or saturated TG as the most abundant. 
The three most abundant saturated TGs were chosen in an effort to achieve a ratio that best 
represents the individual. The error bars on these graphs are relatively large because they 
combine the TG profiles for different individuals. The results indicate that exercise has a 
larger effect on the TG profiles of males than females. The males who exercise daily have 
significantly lower levels of saturated TGs compared to non-active males (44%, 46%, and 
36% of the relative abundance for non-active males for TG 46:0, TG 47:0, and TG 48:0, 
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respectively), with p-values less than 0.05 or 0.01. Active females also have lower levels of 
saturated TGs compared to non-active females, but the difference is relatively minor (78%, 
80%, and 72% for TG 46:0, TG 47:0, and TG 48:0, respectively) and not statistically 
significant (p > 0.3). TG 48:0 seems to have the biggest effect on both male and female 
participants with the active participants having relative abundances 36% and 72% of the non-
active participants respectively. Overall, this data suggests that routine exercise results in 
lowering the saturated to unsaturated TG ratios on fingerprints, especially in males. Similar 
effects have been previously reported in literature for the effect of exercise on TGs in 
serum.30, 31 
 
Impact of Diet on TG Profile 
 Next, the effect of diets on relative TG patterns was studied. TG profiles from twelve 
healthy participants were extracted from the original diabetes data set that have a clear diet 
pattern. This group of twelve includes 5 vegetarians, 3 people with low 
carbohydrate/ketogenic diets, and 4 people that reported no diet restrictions. Each of these 
participants had similar exercise routines, exercising regularly several times per week. This 
sub-set data for diet includes 4 males and 7 females, but there are no apparent differences 
between male and female participants that are a part of the same diet group. The three most 
abundant saturated TG species were compared and are shown in Figure 5. There is no 
significant difference in the relative abundance of saturated TGs between the low 
carbohydrate and unrestricted diets (p values of 0.06~0.2). However, the vegetarians had 
significantly higher levels of saturated TGs on average than either of the other two diets (p < 
0.05). Unlike the effect of exercise in the previous section, the relative differences in the 
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three most abundant saturated TGs are similar between the vegetarian and control groups 
(1.9, 1.7, and 1.9 times higher in the vegetarian group than the control for TG 46:0, TG 47:0, 
and TG 48:0, respectively). This suggests that vegetarians could have higher levels of 
saturated TGs compared to people without any diet restrictions.  
 
Conclusions 
The presented data from this small proof of concept experiment shows that the 
relative abundance of TGs in latent fingerprints may be impacted by lifestyle choices such as 
diet and exercise or health conditions such as diabetes. While the current small scale study 
was inconclusive in regards to diabetes, the elevated relative abundance of completely 
saturated TGs is partially correlated with diabetes, particularly for type 2 diabetic 
participants. This correlation is complicated by other factors, as the data from small subsets 
of healthy participants suggests. Male participants in particular had much lower levels of 
saturated TGs when they had an active lifestyle and exercised every day compared to inactive 
individuals. On the other hand, the TG profiles of female participants were not significantly 
impacted. Individuals with a vegetarian diet also had higher than average saturated TGs 
compared to people that had no restrictions to their diet. Despite the fact that the current 
finding is only tentative, this study leads to an important discovery that there might be a 
potential correlation between TG profiles and lifestyle or health status. To further study the 
effect of diabetes on TG profiles, a large scale study is currently being planned in the coming 
years with a much larger population of type 2 diabetics that carefully controls for diet and 
exercise. If this can be successfully accomplished, it could lead to significant applications not 
only in forensics, but also diagnostics as a quick and non-invasive procedure. 
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Figures 
 
Figure 1. Average relative abundance for TGs in a single donor’s fingerprint on five separate 
days. Error bars are the standard deviation in the five measurements. The white bars 
indicate completely saturated TGs and the blue bars indicate TGs with one or more 
double bonds.  
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.Figure 2. Representative MS images of six different TGs from three different individuals. 
Each row has an odd and an even chain length TG taken from the same individual. 
While images from only three individuals are represented, the same TG species were 
detected in the TG profile of every participant.  
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Figure 3. Heat map generated with hierarchical clustering using MetaboAnalyst . Columns 
represent individual participants and rows represent TG species. The first two 
numbers following TG represent the number of carbons in fatty acyl chains and the 
third number represents the number of double bonds. For example, TG 490 is TG 
49:0. The diabetics with an asterisk (*) are type 2 diabetics. The numbers to the right 
of the scale refer to the number of standard deviations above or below the mean. 
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Figure 4. Relative levels of saturated TGs for individuals of varying activity levels for male 
(top) and female (bottom) participants. Error bars are from replicates of 4 active and 4 
non-active males, and 5 active and 3 non-active females. The signal for each saturated 
TG is normalized to the most abundant TG in that series. For example, TG 46:0/TG 
46:x where x is the number of double bonds in the most abundant TG with 46 
carbons. 
78 
 
Figure 5. Relative levels of saturated TGs for individuals of varying diets. Error bars are the 
standard deviations of 5 individuals for the vegetarian, 3 individuals for the low carb, 
and 4 individuals for the unrestricted. The signal for each saturated TG is normalized 
to the most abundant TG in that series. For example, TG 46:0/TG 46:x where x is the 
number of double bonds in the most abundant TG with 46 carbons. The p-values were 
calculated by comparing each diet to the unrestricted controls. 
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Supplementary Figures 
 
Supplementary Figure 1. Three trials showing the fluctuation in signal for TG 48:1 level at 
various time points throughout the day. 
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Supplementary Figure 2. Normalized TG profile from a single donor at different time 
points throughout the day. 
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Supplementary Figure 3. Representative TG profiles from one active and one non-active 
male individual. Saturated TGs are marked in red. 
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CHAPTER 6.    GENERAL CONCLUSION 
Summary 
This dissertation presents innovations in the analysis of latent fingerprints for forensic 
evidence using MALDI-MSI. The feasibility of MALDI-MSI for the analysis of latent 
fingerprints was explored by testing the compatibility of cyanoacrylate fuming, a common 
fingerprint development technique, with MALDI-MSI. This was done by comparing signal 
intensities and MS images of various compounds with and without cyanoacrylate fuming. 
While studying cyanoacrylate fumed fingerprints, cyanoacrylate dimer and trimer peaks were 
identified and helped lead to a better understanding of the cyanoacrylate fuming mechanism. 
An attempt at age determination of latent fingerprints was made and the major complication 
that comes with using the diffusion of endogenous compounds to model the age of 
fingerprints was also discussed. Specifically, the surface interactions play a large role in the 
rate of diffusion, skewing any potential model. Finally, TG profiles from latent fingerprints 
were used to differentiate between individuals and determine information about their 
diet/exercise routine and whether or not they have diabetes. Vegetarian diets resulted in 
higher levels of saturated TGs compared to ketogenic and unrestricted diets. Exercise 
lowered the relative abundance of saturated TGs in males, but not females. Due to the 
variations from diet and exercise, it was difficult to make any conclusions about the effect of 
diabetes on the TG profile; however, general trends suggested diabetics (especially type 2) 
may have higher than average levels of saturated TGs. 
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Future Outlook 
While this dissertation has shown the usefulness of MALDI-MSI as a tool in forensic 
science, there is a long way to go before this technique will be adopted by any forensic labs 
or used to convict someone in a court of law. Courts often require established methods with 
statistics to back up findings, so much more research into the reliability and reproducibility 
of MALDI-MSI will be necessary. Analysis of latent fingerprints with MALDI-MSI will be 
stuck in the laboratory stage at least until researchers are able to work together with forensic 
scientists on real cases. Therefore, forming partnerships with forensic scientists and 
laboratories and allowing them to see the advantages of these new techniques is a very 
important part of continuing research. Another difficulty in implementing these techniques is 
that most forensic labs will not have the proper instrumentation for these types of 
experiments and installing it will be time consuming and costly. Therefore, they will likely 
be reserved for the highest priority cases that have no other leads. However, as there are 
definitely cases where chemical imaging data could provide new leads that would not be 
possible to obtain with any of the traditional techniques, further study and validation of 
MALDI-MSI for latent fingerprint analysis is worthwhile. 
 Considering the vast amount of work that will need to be done, the research outlined 
in this dissertation has made steps towards the eventual incorporation of MALDI-MSI 
experiments into the forensic workflow. The compatibility of cyanoacrylate fuming with 
MALDI-MSI has been confirmed through the extensive study with a wide range of 
compounds. Since this work has been published, additional work has been done in our group 
to ensure compatibility with other commonly used forensic development techniques as well, 
such as fingerprint dusting powder, ninhydrin, and iodine fuming. This work could be 
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expanded to include more techniques common to the forensic workflow in addition to more 
MALDI-MSI platforms. This would do a great deal to reassure forensic scientists that 
MALDI-MSI could seamlessly become a part of an investigation. 
 The ability to determine time since deposition of a fingerprint or fingerprint age with 
MALDI-MSI would encourage its use and implementation. Initial results have shown that 
much more research needs to be done before this idea becomes reality. For example, chapter 
3 shows that a much better understanding of surface properties is needed to predict how 
endogenous compounds will interact with them. In addition a more robust method for 
determining the amount of diffusion is necessary to eliminate as much human error and bias 
as possible. Current and future work in our group to alleviate this problem includes using an 
image similarity index to determine fingerprint age. 
 Using TG profiles in latent fingerprints for individual diet, exercise, and health 
information perhaps requires the most additional work to become feasible. There was a lot of 
variability observed, even between healthy individuals, and all of the sources for this 
variability need to be determined in order to get accurate information. The work in chapter 5 
provides evidence that diet and exercise both impact the TG profile to some degree; however, 
the vegetarian diet had a larger effect than the ketogenic diet, and exercise had more of an 
impact on male participants than female participants. The attempt to distinguish diabetic 
from non-diabetic participants was complicated by all of this variability, but there were 
indications that type 2 diabetics in particular may have higher relative levels of saturated TGs 
than healthy participants. An extended study is currently in the works for the coming years 
that will recruit a larger number of type 2 diabetic patients and include a much more rigorous 
control for diet and exercise than the current study. If the variability observed in this study is 
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properly controlled for in this future study, it could lead to the development of a machine 
learning algorithm that can accurately predict the diabetes status of an individual based on 
the TG profile in their latent fingerprint. In addition to forensic science applications, this 
could also have diagnostic implications for the medical field. 
 Despite the need for a much more rigorous validation of MALDI-MSI techniques, the 
work presented in this dissertation provides steps moving towards the implementation of 
MALDI-MSI for the analysis of latent fingerprints in forensic labs. 
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APPENDIX A: VISUALIZING GENOTYPIC AND DEVELOPMENTAL 
DIFFERENCES OF FREE AMINO ACIDS IN MAIZE ROOTS WITH MASS 
SPECTROMETRY IMAGING 
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Abstract 
Amino acids are essential biological compounds in plants as they store nitrogen, an 
essential nutrient, and are the building blocks for proteins that drive biological activity. 
Amino acids have been studied using a wide variety of analytical techniques in different 
plant systems; however, mass spectrometry imaging (MSI) is a particularly useful technique 
as it allows for the simultaneous collection of both chemical and spatial information. In this 
work, matrix-assisted laser desorption/ionization (MALDI)-MSI is used to study the different 
localization of free amino acids in the roots of maize inbred lines B73 and Mo17 and their 
reciprocal hybrids. Because amino acids are difficult to detect in mass spectrometry, 
especially directly on tissues, a chemical derivatization protocol is utilized to increase the 
ionization efficiency and improve their detection. We report differences in both abundance 
and localization of amino acids in B73 and Mo17 maize roots and suggest the hybrids show 
evidence of inheriting characteristics from both parents. Most genotypic differences are 
found in the cross-sections near the seed (~2 cm away) at a later stage of development (10-11 
cm in length). Here, B73 has lower amino acid abundance localized primarily to the center of 
the roots for most amino acids, while Mo17 has much higher abundance localized mainly to 
the root cortex. This difference in localization is minimized when grown in ammonium ion 
rich conditions. Roots grown in the presence of 15N-ammonium ions provided additional 
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insight about the amino acid synthesis. The localization of some amino acids, particularly 
leucine/isoleucine and glutamine, is not affected by the addition of nitrogen and is consistent 
regardless of the nitrogen source, either from the seeds (14N-labeled) or environment (15N-
labeled). Nitrogen uptake from the environment is confined to glutamine, asparagine, and 
alanine, consistent with their roles in amino acid storage and transportation.  
 
Introduction 
Nitrogen is an essential nutrient for crop plants that has a major impact on crop 
production and yields. Nitrogen has an important role in plant growth and development; 
therefore, understanding nitrogen uptake and metabolism can help determine how to best and 
most efficiently care for plants.1 Amino acids are responsible for the storage and 
transportation of nitrogen in plants and are an important aspect of nitrogen 
metabolism.2Recently, maize roots have been used as a model for heterosis studies;7 studying 
roots at their early stage can provide numerous benefits. The emergence of the primary root 
allows early morphological, histological, and physiological analysis of the seedling, while the 
fast germination and growth of maize seedlings in laboratory environments allow for high-
throughput experiments under controlled and standardized conditions.7 Studying the spatial 
arrangement of amino acids in maize roots can shed light on nitrogen assimilation and 
transportation in early plant development. 
Mass spectrometry imaging (MSI) has become a valuable analytical tool to visualize 
metabolites such as lipids and small molecules directly on plant tissues.8, 9 Matrix-assisted 
laser desorption ionization (MALDI)-MSI is a commonly used technique, particularly for 
cellular and sub-cellular resolution imaging, due to its combination of high-spatial resolution, 
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high sensitivity, and chemical versatility. Recently, MALDI platforms have been optimized 
to reach pixel sizes from 1-10 µm,10, 11 which enables the study of biological tissue at the 
cellular and even sub-cellular level. Recent advances in t-MALDI-2 have even allowed for 
spatial resolutions of less than 1 µm.12 Visualizing detailed metabolite information at this 
scale can offer unprecedented details in terms of metabolite composition and localization 
which can be crucial for elucidating their biological roles.  
Our group has developed a MALDI-MSI platform that allows for 5-10 µm high-
spatial resolution. This setup has been used for various applications including the 
visualization of numerous different metabolites in maize leaves,11, 13 seeds,14, 15 and roots.16 
The work of Dueñas et al. has applied this platform to show that the fatty acyl localizations 
of some thylakoid membrane lipids such as PG 32:0 are different depending on the genotype 
of maize. Additionally, the hybrid maize exhibit the characteristics resembling that of the 
maternal parent (maternal inheritance).13 Previous work out of our group has also shown the 
benefits of utilizing various chemical derivatization reactions to enhance the ion signals for 
metabolites with certain functional groups. This strategy of using multiple different chemical 
derivatizations on adjacent tissue sections has allowed for expanded metabolite coverage.17  
In this work, we used MALDI-MSI to visualize amino acids in roots of two 
agronomically important inbred lines of maize, B73 and Mo17, and their reciprocal hybrids, 
B73 x Mo17 (BxM) and Mo17 x B73 (MxB). We focus primarily on the differences in amino 
acid localization and abundance between the genotypes and at different developmental stages 
of the root. Amino acids play an essential role in plant biology; they are the building blocks 
for proteins and have influence in many biochemical pathways relating to growth, 
development, stress resistance, and signaling.18 Many research efforts have been made 
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previously on the role of amino acids in maize, especially how they relate to nitrogen 
assimilation and transportation. Employed methods in these studies include colorimetry, high 
performance liquid chromatography (HPLC), mass spectrometry, and various assays.19-21 
Despite extensive research in this area, very little is known about the localization of amino 
acids in maize. Our group has done some work showing the distribution of amino acids in the 
maize seed during germination, however, this was rather limited due to low ion signals.22 
The current study aims to determine the abundance and distribution of amino acids in 
maize roots under various conditions and find evidence for how hybrid maize inherit 
molecular characteristics relating to amino acid localization from their parents. In addition to 
the aforementioned benefits of working with maize roots as a model system, there are 
additional advantages for this particular study focusing on the early stage of root 
development. Once vegetative tissue begins to develop and photosynthesis starts, the 
transportation of nitrogen and amino acids becomes more complex. Overall, focusing on the 
early development of the root simplifies the study. It has been established that Mo17 has 
more abundant amino acids in its seeds than B73,15 but it was not well known how that is 
translated to the hybrids, especially as the seedlings germinate and develop. As amino acids 
are not easily detectable with MALDI-MSI, derivatization is often necessary in order to 
increase their ionization efficiency. Coniferyl aldehyde (CA) has previously been used to 
derivatize primary amines, including amino acids, in MALDI-MSI experiments.17,23, 24 This 
derivatization strategy is utilized here to investigate amino acid differences in B73, Mo17, 
and their reciprocal hybrid maize genotypes. 
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Materials and Methods 
Materials 
Gelatin from porcine skin (300 bloom) was purchased from Electron Microscopy 
Sciences (Hatfield, PA). 4-hydroxy-3-cinnamaldehyde (coniferyl aldehyde; CA), deuterated 
alanine, ammonium chloride, and 98 atom percent 15N ammonium chloride were purchased 
from Sigma Aldrich (St. Louis, MO). Potassium acetate was purchased from Fisher Scientific 
(Hampton, NH). The gold sputter target was purchased from Ted Pella, Inc (Redding, CA, 
USA). B73, Mo17, MxB, and BxM maize seeds were obtained courtesy of Dr. Marna 
Yandeau-Nelson at Iowa State University. 
 
MALDI Sample Preparation 
B73, Mo17, BxM, and MxB maize seeds were grown using a method described 
previously.16 A row of maize seeds were placed along the edge of two wetted paper towels 
stacked on top of one another. The paper towels were wetted with either water, 10 mM 
ammonium chloride, or 10 mM 15N labelled ammonium chloride depending on the 
experiment. The seeds were then rolled up in the paper towels tightly enough to keep them in 
place. The paper towel rolls were then placed in a beaker filled with water, 10 mM 
ammonium chloride, or 10 mM 15N labelled ammonium chloride for the isotope labelling 
experiments. The beaker was placed in the dark while the seeds began to grow and was 
monitored to make sure the paper towel stayed moist throughout growth. The roots were 
harvested when the length of the primary root was 2.5-3 cm, 6-7 cm, or 10-11 cm as 
measured from the tip of the root. The length of the root at harvesting differed depending on 
the experiment and is stated in each section of the results.  
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Once the roots reached the desired length, a razor blade was used to cut the root about 
2 cm below the seed. This area of interest was embedded in a 10% w/v gelatin solution and 
flash frozen in liquid nitrogen. The area of interest was about 2 cm from the seed regardless 
of the stage of development, except in the case where multiple positions on the same root 
were embedded. The embedded roots were stored at -20 °C and allowed to thermally 
equilibrate. The root tissue was cryo-sectioned (CM 1850, Leica Microsystems; Buffalo 
Grove, IL, USA) to 10 µm thickness, collected with Cryo-Jane tape (Leica Biosystems), and 
attached to a pre-chilled glass slide. The prepared slides were stored at -80 °C until use, when 
they were placed on an aluminum block stored at the same temperature and vacuum dried. 
The dried sample tissues were derivatized using a TM sprayer (HTX Technologies, LLC, 
Chapel Hill, NC). A 20 mg/mL solution of CA was used for derivatization at a flow rate of 
0.03 mL/min and passing 8 times over the sample tissue. After derivatization, the tissue 
sections were sprayed with 6.5 mM potassium acetate using the same TM sprayer method. 
This was done to ensure the formation of potassium adducts while limiting protonated or 
sodiated adducts. They were then subject to matrix deposition by sputter coating (108 Auto 
Sputter Coater, Ted Pella INC, Redding, CA, USA) gold at 40 mA for 20 seconds. One set of 
experiments incorporated deuterated alanine as an internal standard. The internal standard (5 
mM) was sprayed onto the sample using the same TM sprayer method as previously 
described. 
 
Mass spectrometry imaging analysis 
A MALDI linear ion trap-Orbitrap instrument (MALDI-LTQ-Orbitrap Discovery; 
Thermo Finnigan, San Jose, CA, USA) was used to collect all mass spectrometry imaging 
92 
data. The instrument was modified to incorporate an external 355 nm frequency tripled Nd: 
YAG laser (UVFQ; Elforlight, Daventry, UK). Tuneplus and XCalibur (Thermo Finnigan) 
were used to develop the mass spectrometry method and acquire data, respectively. Mass 
spectra were acquired in positive ion mode with the Orbitrap mass analyzer for a scan range 
of m/z 100-1000.  
MS images were generated using ImageQuest (Thermo Finnigan) and MSI Reader25 
with a mass window of ±0.003 Da. Serial tissue sections were prepared as previously 
described and used for MS/MS analysis. MS/MS was done using the ion trap mass analyzer 
and were analyzed with a mass window of 1.0 Da and normalized collision energy of 35 
were used.  
 
LCMS Sample Preparation and Analysis 
 Maize roots of each genotype were grown in the same manner as previously 
described for the MALDI-MSI analysis. Once the roots were 10-11 cm in length, they were 
flash frozen in liquid nitrogen, homogenized, and stored at -80 °C until analysis. Only the top 
4 cm of each root was homogenized (2 cm on either side of the portion embedded for 
MALDI). This was done in an attempt to include the portion of the root that would most 
resemble the imaged root sections. In order to ensure there was sufficient tissue for good 
analyte signals, two roots of each genotype were combined for each biological replicate. 
Amino acids were extracted and simultaneously derivatized with 500 µL of 20 mg/mL CA in 
methanol. They were vortexed for 10 minutes and then centrifuged at 14,000 rpm for 10 
minutes. 100 µL of the supernatant was aliquoted out and dried down. They were then 
reconstituted in 100 µL of 50:50 methanol:water. 
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 Positive mode LCMS analysis was done on an LCMS 2020 single quadrupole mass 
spectrometer (Shimadzu, Kyoto, Japan). 1 µL of each sample was injected onto a 4.6 x 150 
mm Agilent XDB C18 column with 1.8 µm particle size. Solvent A was water with 0.1% 
formic and solvent B was acetonitrile with 0.1% formic acid. A flow rate of 600 µL/min was 
used along with the following gradient: 0% B for the first 2 minutes, up to 30% B over the 
next 18 minutes, 100% B over 2 minutes, and back down to 0% B after another 2 minutes, 
where it was held for an additional 9 minutes. This gradient was first used by Manier et al. to 
separate CA derivatized amino acids and neurotransmitters.23 Chromatograms were extracted 
for each of the detected amino acids and the corresponding peaks were integrated. 
 
Results and Discussion 
Coniferyl Aldehyde Derivatization 
Amino acids are important biological molecules that have numerous roles in plant 
growth and development. However, due to poor ionization efficiency, amino acids are 
difficult to study by mass spectrometry. For this reason, coniferyl aldehyde (CA) was 
employed as a chemical derivatization reagent to modify the amino acids and increase their 
ionization efficiency.23, 24 The reaction scheme is shown in Scheme 1. CA (1) reacts with 
primary amines, such as amino acids (2), and forms a product with an imine moiety that 
improves ionization efficiency (3). Figure 1 shows representative MALDI-MS images for 12 
amino acids visualized in the maize root. A total of 16 amino acids were detected with the 
derivatization (14 proteogenic and 2 non-proteogenic) but only those with high enough signal 
are displayed. As leucine and isoleucine are isomers, they are not distinguishable by mass 
and are shown as a mixture of the two.  Without derivatization with CA, only 3 amino acids 
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are detected in positive mode (asparagine, glutamine, and histidine) and there is no signal 
present at the derivatized masses. Once CA derivatization is utilized, there is significant 
signal improvement to generate ion images for 12 amino acids. Four more amino acids 
(tyrosine, glutamic acid, proline, and aminobutenoic acid) could be also detected with 
derivatization but had very low ion signals and could not provide meaningful localization 
information. This implies the utility of the adopted derivatization technique for the study of 
amino acids in maize root tissues. The reaction efficiency of glutamine is 80~90%. This was 
calculated from dividing the ion signal of derivatized glutamine by the sum of the ion signals 
for derivatized and underivatized glutamine. All amino acids were identified based on the 
exact mass of the derivatization product and three of the most abundant, alanine, valine, and 
leucine, were also confirmed by MS/MS and comparing with that of a CA derivatized 
standard. 
MSI was used to explore amino acids in maize roots of inbreds B73, Mo17, and their 
reciprocal hybrids. Differences in abundance and localization as the roots develop and 
between genotypes were studied. Maize roots have a unique architecture which allows for an 
efficient uptake of water and nutrients.26 Bright-field microscope images and anatomical 
assignments are shown in Figure S1 for the cross-section of a B73 root. Maize roots exhibit 
a central vascular cylinder composed of the pith, xylem vessels, and the pericycle (the 
outermost cell layer of the inner cylinder). The ground tissue is made up of a single 
endodermis layer, multiple layers of cortex tissue, and a single epidermis cell layer.  
 
Developmental changes in the localization of amino acids in maize roots 
In order to determine how amino acids change in maize roots throughout 
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development, roots were harvested at three different times. Harvesting times were when the 
total length of the root measured from the tip was between 2.5-3 cm, 6-7 cm, and 10-11 cm. 
These roots were each embedded and cryosectioned at about 2 cm away from the seed 
regardless of the developmental stage. The resulting images are shown in Figure 2 
comparing B73 vs Mo17. Three biological replicates were tested at each stage with similar 
results; however, only one representative replicate is shown here. Figure 2 shows 
localization changes in the amino acids between different developmental stages. For the 
purposes of this figure, only the six most abundant amino acids in the maize root tissue are 
shown. For B73, the early stage of root development (2.5-3 cm in length) has greater amino 
acid signal in the cortex. As the root develops, amino acid signals are the highest abundance 
at 6-7 cm in length with growing abundance at the center of the root; then, at the length of 
10-11 cm, there is a significant reduction of amino acid signals, especially in the cortex. A 
possible explanation for this is that in the early stages of development, amino acids are 
synthesized in the outer cortex of the root and as the plant develops, it begins to rely more on 
the transportation of amino acids and/or nitrogen from other parts of the plant or the 
surrounding environment. These ideas are supported by evidence in literature indicating that 
certain amino acids flow to the root from other parts of the plant.27 Another interesting note 
is that the intermediate root (6-7 cm in length) has a higher abundance of amino acids overall 
than the earlier or later stages. While there is quite a bit of biological variation between roots 
at the same stage of development, the mid-length roots have higher signal intensities for the 
derivatized amino acids on average. This is especially apparent for the B73 roots. Figure S2 
in the supplementary information compares the average absolute signal intensities for the six 
most abundant amino acids at the different developmental stages. 
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In the case of Mo17 maize roots (right panel of Figure 2), the localizations are 
similar to that of B73 in the first two development stages. Both have the highest abundance 
of amino acid signal in the cortex of the root in the early stage (2.5-3 cm in length). In 
addition, they have a more or less even distribution between the center of the root and the 
cortex in the intermediate stage (6-7 cm in length). The major difference in the two 
genotypes occurs at the later stage of development (10-11 cm in length). While B73 loses 
amino acid signals in the cortex as they become concentrated to the pith and xylem, Mo17 
does the opposite. Mo17 loses amino acid signals at the center of the root while those at the 
cortex remain similar. This suggests that B73 and Mo17 may have differences in the 
synthesis and/or transportation of amino acids during root development, especially at the 
later stage. 
One hypothesis to explain the differences in localization at different developmental 
stages is that there is some gradient of amino acids along the length of the root, causing the 
localization to be different depending on the height. As a proof of concept, B73 maize roots 
at a later stage of development (16 cm in length) were embedded and sectioned at several 
different points along the length of the root. A representative data set is shown in Figure S3. 
All amino acids are localized to the cortex near the root tips (11 or 15 cm distance from 
seed), similar to the early stage of root development (2 cm cross-section for 2.5-3cm in 
length in Figure 2). However, they are more or less evenly distributed at the mid height (5 or 
8 cm distance from seed), similar to an intermediate stage (2 cm cross-section at 6-7 cm in 
length in Figure 2). Finally, some amino acids, especially leucine/isoleucine and glutamine, 
are primarily localized to the center of the root at the 2 cm position near the seed, similar to 
the later stage of root development cross-sectioned at 2 cm from the seed for the root length 
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of 10-11cm in Figure 2. Namely, there are three distinguished stages of root development in 
terms of amino acid localization; the early stage near the tip of the root, the mid-stage at the 
middle of root, and the later stage near the seed. Genotypic differences between B73 and 
Mo17 are minimal for the first two stages as shown in Figure 2, but apparent in the last 
stage. The cross-section 2 cm from the seed at a later stage of development was therefore 
used in the further study to compare their differences with the hybrids. 
 
Genotypic Differences in Amino Acid Abundance and Localization 
The hybrid roots were compared to the parents at 10-11 cm in total length 
cryosectioned at 2 cm from the seed. Separate B73 and Mo17 plants were grown and 
processed at the same time to minimize experimental variation. Signal intensities for the most 
abundant amino acids are displayed in Figure 3 for each of the maize genotypes. These are 
the signal intensities averaged across the root areas in three biological replicates. There is a 
lot of biological variability in the abundance of amino acids even for the same genotype, 
making it difficult to determine how significant differences are; however, overall B73 and 
BxM have much lower amino acid signals compared to MxB and Mo17. Regardless of the 
genotype, alanine, valine, leucine/isoleucine, asparagine, and glutamine are the most 
abundant amino acids in maize root tissues. To confirm these findings with a more 
quantitative method, CA derivatized amino acids were also measured using LCMS for a 
similar region of the roots, harvested and extracted from 0-4 cm portion of the roots at 10-11 
cm in total length. The genotypic differences are much less apparent in LCMS data due to the 
concentration gradient of amino acids along the root length (as seen in Figure S3). The 
general trend of LCMS results, nonetheless, corroborated the MALDI-MSI findings; the 
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same amino acids were found to be the most abundant and Mo17 and MxB have higher 
average signal levels than B73 and BxM. The LCMS data did include derivatized proline, 
which was detected with good signal intensity, unlike the MALDI-MSI data. We hypothesize 
that the on-tissue reaction might be too slow for secondary amines and does not provide high 
enough yield with the limited reaction time, unlike the in-solution reaction used for LCMS.  
Figure 4 shows representative MS images of the six most abundant amino acids 
detected in maize roots (10-11 cm in length or about 8-10 days old, embedded and 
cryosectioned about 2 cm away from the seed) across all four genotypes. The same intensity 
scale is used for MS images of each amino acid to allow for a fair comparison of the relative 
abundances between the genotypes. Similar to the signal intensities in Figure 3, the MS 
images show that Mo17 has much higher amino acid signal than B73 and the hybrids each 
have signal levels similar to that of the maternal parent. In addition to the obvious differences 
in overall signal and abundance, there are also more subtle differences in localization of 
amino acids between the two inbred lines, similar to Figure 2. In Mo17, most amino acids 
have the highest signal intensity in the cortex and minimal signal in the pith and xylem, with 
asparagine as a possible exception. In contrast, B73 has much of the amino acid signal 
localized to the center of the root and very little in the cortex, except for glycine and 
asparagine, which have a more even distribution. In fact, leucine/isoleucine and glutamine 
have almost no signal intensity in the cortex of B73. Interestingly, similar localizations are 
found in the hybrids, which mostly follow maternal inheritance; MxB obtains characteristics 
relating to amino acid localization from Mo17, whereas BxM obtains characteristics from 
B73. For example, leucine/isoleucine and glutamine are mostly localized at the center for 
BxM while significantly present in the cortex for MxB. Another example of possible 
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maternal inheritance is the increased amino acid signal in MxB over BxM. This evidence for 
maternal inheritance is similar to the previous finding that the localization of thylakoid 
membrane lipids, specifically phosphatidylglycerols (PGs), in maize hybrids also follow 
characteristics of the maternal parent.13 Despite this example of maternal inheritance, there 
are other factors suggesting the hybrids inherit some characteristics from the paternal parent 
as well. For example, the increased abundance of amino acids in the center of the roots in 
MxB compared to Mo17 suggests characteristics of B73 in MxB. 
Some may argue that these differences in localization are simply due to changes in 
ionization efficiency for different portions of the root if chemical composition is somewhat 
different between the genotypes. To address this issue, one root of each genotype was 
sprayed with an internal standard, deuterated alanine, and the images were created for several 
amino acids normalized to the deuterated alanine peak. As shown in Figure S4, localizations 
look the same after this normalization suggesting there is no significant difference in 
ionization efficiency between different parts of the tissue. The localization differences 
described above are more apparent in Figure 5, which shows the signal intensity for amino 
acids in the pith normalized to the signal intensity in the cortex for each root. These 
intensities are also normalized to the overall size of the pith or cortex to account for the 
different tissue areas; namely, (PithI/AreaPith)/(CortexI/AreaCortex). The y-axis of this figure is 
in a logarithmic scale and a ratio of one, located where the x-axis crosses the y-axis, indicates 
an even distribution of amino acids. With the exception of glycine, which is more abundant 
in the cortex than the pith in every genotype, B73 has ratios above one for every amino acid 
and Mo17 has ratios below one. For the most part, the hybrids have ratios in between those 
of the two parents, however, to varying degrees. For example, both hybrids have ratios close 
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to one for alanine, valine, and asparagine, indicating a fairly even distribution. However, for 
leucine/isoleucine and glutamine, the hybrids both have ratios greater than one, but lower 
than that of B73. Some high standard deviations associated with asparagine and glutamine 
are likely due to the dramatic changes in localization along the length of the root for the two 
amino acids as shown in Figure S3. Amino acids that have less biological variability 
exhibited some statistically significant differences. For example, the differences observed 
between B73 and each of the other genotypes are statistically significant for alanine and 
leucine/isoleucine with p values <0.01. For asparagine, the difference is significant only 
when comparing B73 to Mo17 or MxB to Mo17 with a p value <0.05. Overall, Figure 5 
nicely displays how the localization of most amino acids in the hybrids is a blended 
inheritance from both parents. The intermediate normalized intensities observed for alanine, 
valine, leucine/isoleucine, and asparagine especially correspond to more evenly distributed 
amino acids in the pith and cortex compared to the parents.   
Amino acids localized primarily in the center of the root, in the pith and xylem, such 
as leucine/isoleucine and glutamine in B73 and BxM, may suggest these amino acids are 
transported to the root from other parts of the plant as opposed to being synthesized in the 
root itself. This would be consistent with the pith and xylem being the cells primarily 
responsible for the transportation of nutrients.28 Mo17 has very little amino acid signal in the 
pith and xylem compared to the other maize genotypes. Therefore Mo17 may be synthesizing 
more amino acids in the root cortex itself and rely less on the transport of amino acids from 
other parts of the plant or the environment. Previous research has shown that many of the 
enzymes necessary for synthesizing amino acids are located in plastids and plastids achieve 
their highest level of development in cortical tissue.29, 30 This supports the hypothesis that 
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amino acids are being synthesized in the root cortex. 
 
Changes in amino acid abundance and localization in nitrogen rich conditions 
All of the data shown up to this point has been from maize roots grown in pure water, 
which is nitrogen deficient compared to growing in soil. As plants are typically grown using 
fertilizer for a source of nitrogen, roots were also grown in a 10 mM solution of ammonium 
chloride, which acts as a nitrogen source during root development. Figure 6 displays the 
representative MS images of B73 and Mo17 maize roots from three replicates grown in 
ammonium chloride compared to water. Not surprisingly, overall signals are higher for both 
B73 and Mo17 with the addition of 14NH4Cl. Mo17 roots show changes in the localization 
when grown under nitrogen rich conditions with a more even distribution across the anatomy 
of the root. Rich nitrogen absorbed from outside might encourage the transportation of amino 
acids out of the roots once they are synthesized in the root cortex. In addition, the signal 
difference for amino acids between B73 and Mo17 maize is not as apparent when grown in 
the nitrogen containing solution compared to water, with the possible exception of glutamine. 
We hypothesize that B73 has a higher abundance of amino acids in the center of the root 
compared to the cortex because it relies on transportation from other parts of the plant; 
therefore, additional nitrogen provided from the environment may allow the B73 maize to 
synthesize more amino acids than would otherwise be possible. It is known that plants grown 
in nitrogen deficient conditions have less abundant amino acids in the roots and an altered 
proteome that will impact amino acid metabolism.31 Interestingly, leucine/isoleucine and 
glutamine are still highly enriched at the center of the B73 roots, potentially suggesting that 
pathways involving these amino acids are not affected by the availability of external 
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nitrogen. Another interesting note is the increased abundance of glutamate by two orders of 
magnitude, which is almost invisible without additional nitrogen. This is consistent with 
glutamate being important for nitrogen assimilation in roots.19  
As there are two different nitrogen sources (transported from other parts of the plant, 
and absorbed from environment), we performed an experiment to determine whether we can 
distinguish the two by growing roots in 10 mM 15N-ammonium chloride. This will determine 
which amino acids take up nitrogen from the environment most efficiently during 
development. Images from this experiment are also available in Figure 6 (two sets of images 
to the right). One would expect the images of amino acids with 14N (labeled M in the figure) 
to be similar to the control because the nitrogen from the environment is 15N and would 
appear as an isotope peak at M+1. However, these root images look much more like the ones 
grown in 14N ammonium chloride than the ones grown in water. This suggests that the plant 
does not process environmental nitrogen any different from nitrogen already present in the 
seed. Instead, additional nitrogen (or ammonium ion) from the environment may trigger 
some biological pathway that does not operate under nitrogen deficient conditions. The mass 
resolution of the instrument used was not high enough to resolve peaks with 13C- vs. 15N-
amino acids. As shown in Figure S5, the isotope of derivatized glutamine appears as a single 
peak for 13C1- or 
15N1-isotope at ‘M+1’ position and 
13C2-, 
15N2-, or 
13C1
15N1-isotope at 
‘M+2’ position. As the 13C and 15N peaks were not resolved, the M+1 peak contains both 
13C1- and 
15N1-gluatamine peaks. Considering the natural abundance of 
13C and 15N, M+1 
peak in the maize root grown in 15N-ammonium solution shown in Figure S5 is made up of 
~90% 15N from external 15N-ammonium ion. The final two columns in Figure 6 show the 
amino acids synthesized from nitrogen in the environment, thus 15N-labeled and composing 
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most of the M+1 peak. They show similar localization with the 14N-labeled M peak, amino 
acids synthesized from nitrogen already present in the seed. This provides further support for 
our hypothesis that environmental nitrogen only triggers a mechanism that affects abundance 
and localization of amino acids but does not differentiate between internal vs external 
nitrogen. Some of the detected amino acids significantly incorporated 15N, especially 
asparagine and glutamine, which is not surprising considering they are known to play the key 
role in nitrogen assimilation.19  
To explore how much 15N-labeled external nitrogen is incorporated for each amino 
acid, the peaks corresponding to each of the labeled amino acids were deconvoluted using an 
Excel spreadsheet developed by Gruber et al. considering the natural abundance of the 
isotope.32 The relative level of the incorporated 15N from three biological replicates of each 
genotype are summarized in Figure 7. These reported results represent the percent of 
nitrogen in each amino acid that has come from environmental 15N. Glutamine has the 
highest level of 15N incorporation (22-35%) followed by asparagine and alanine (5-19% and 
2-18%, respectively). Glutamine and asparagine are well known for nitrogen storage18, so 
they would take up nitrogen from the surrounding environment and store it throughout the 
early development of the plant. Alanine also has been known to shuttle nitrogen between 
cells in crop plants, which could explain its environmental nitrogen uptake.33 In contrast, 
other amino acids, such as glycine, valine, and leucine/isoleucine, did not incorporate any 
appreciable amount of nitrogen from the environment. In a much later stage of development, 
a majority of nitrogen would be eventually replaced by 15N in every amino acid; however, at 
this stage of development, most nitrogen still seems to be coming from the seeds except in 
the case of the three amino acids related with nitrogen storage or transportation. 
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 In addition to the differences between amino acids, there also are some differences 
depending on the genotype of maize. There is significantly less incorporation of 15N in the 
three amino acids in Mo17 maize than in B73, with the possible exception of glutamine. P 
values associated with the environmental nitrogen uptake for alanine and asparagine are 
<0.01 and <0.05 respectively when comparing B73 and Mo17. As noted earlier, Mo17 has 
much higher amino acid content in seedlings15 and the localization of amino acids in Mo17 
roots indicates it could be synthesizing most of the necessary amino acids directly in the 
cortex of the root. This may be the reason Mo17 is not taking in as much nitrogen from the 
nutrient solution in the surrounding environment. For the most part, the nitrogen 
incorporation in the hybrids was in between that of the two parents, although statistically 
insignificant due to the large error bars, with the exception of alanine. This is further 
evidence that the hybrid maize has blended traits from the two inbred lines and benefits from 
characteristics of both parents. 
 
Conclusion 
In this study, MALDI-MSI combined with CA chemical derivatization was utilized to 
study amino acids in maize root tissue. New insight into the localization of amino acids 
throughout the growth and development of maize seedlings as well as inheritance patterns of 
hybrid maize was observed that would not have been possible without this method. The 
surface imaging allowed for previously unknown differences in relative quantification 
between different parts of the maize root with relatively little sample preparation compared 
to LCMS and gas chromatography (GC)-MS. In contrast to MALDI-MSI, LC and GCMS 
both require lengthy extractions, resulting in the destruction of the sample and inability to 
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obtain spatial information. Although this study highlighted the use of MALDI-MSI for the 
analysis of free amino acids, the technique is versatile so other classes of compounds can be 
detected and visualized in the same sample. This approach, however, comes with its own 
limitations, most notably the difficulty in quantification compared to other techniques. An 
additional disadvantage due to the derivatization is the possibility of side reactions, i.e. CA 
reacting with compounds other than primary amines. The latter makes utilizing this technique 
for untargeted analyses challenging, but it may be overcome through systematic study in side 
reactions and more selective reagents.  
While the overall abundance and localization changed in different developmental 
stages as well as at different points along the length of the root, locations near the seed (~2 
cm away) displayed major differences between genotypes at later stages of development. 
Specifically, B73 had lower amino acid abundance and showed a localization primarily in the 
center of the root for most amino acids. In contrast, Mo17 had higher abundance and amino 
acids were mostly localized to the root cortex. Both the hybrid roots grown and prepared in 
the same way as the parents had abundance levels that were similar to that of the maternal 
parent. BxM had abundance similar to or slightly higher than B73, but much lower than MxB 
or Mo17. Likewise, MxB had signal levels similar to Mo17. In terms of localization, a 
blended inheritance was observed for most amino acids, as noted by the pith/cortex signal 
intensity ratios, with the exception of glycine. Alanine and valine provided the best examples 
of blended inheritance with B73 having a signal ratio much greater than one, indicating 
localization primarily to the pith, Mo17 having a ratio much less than one, indicating 
localization primarily to the cortex, and both hybrids having a ratio close to one, indicating 
an even distribution. Comparing the characteristics relating amino acids in inbred lines of 
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maize to their reciprocal hybrids gave insight into hybrid inheritance patterns. In addition, 
understanding the changes in amino acid localization and abundance provides essential 
information relating to the transportation of nutrients in the early stages of plant 
development.  
Differences in amino acid localization and abundance were also observed for roots 
grown in nitrogen rich conditions compared to those grown in water. The addition of a 
nitrogen source in the form of an ammonium ion to the growth environment caused changes 
such as lessened signal discrepancy for amino acids between B73 and Mo17 compared to 
nitrogen deficient conditions, and more uniform distribution of amino acids, especially in 
Mo17. An isotope labelling experiment using 15NH4Cl provided some insight about nitrogen 
uptake from environment. First of all, there is no difference between the localization of 14N-
amino acid and 15N-amino acid, regardless of whether they are grown in 14NH4Cl or 
15NH4Cl. 
This suggests the change in the abundance and localization due to the ammonium ion is the 
result of triggering a new mechanism or biochemical pathway, and not due to different 
distributions of nitrogen from environment. When comparing the relative amount of 15N 
uptake for each amino acid, only glutamine, asparagine, and alanine incorporated a 
significant amount of nitrogen from the environment in this early stage of root development, 
consistent with their major roles in nitrogen storage and transport. In terms of the amount of 
15N incorporation, B73 and Mo17 show the most and the least incorporation, respectively; 
the two hybrid maize have an intermediate level of 15N incorporation between the two 
parents, which provides further evidence that the characteristics of the hybrids are inherited 
from both parents. These experiments can help shed light on nitrogen assimilation and 
nitrogen use efficiency in maize. Studying amino acids in maize roots has not only given 
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insight into differences between maize genotypes and inheritance patterns, but has also 
shown how amino acids accumulate throughout roots as they grow and develop. Considering 
the success of this method for the current application, there is room to expand this work for 
additional applications in the future. For example, amino acids such as phenylalanine and 
tyrosine could be related back to the localization of defense compounds derived from the 
phenylpropanoid pathway.  
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Figures 
 
Scheme 1. Reaction scheme for the on-tissue derivatization of an amino acid with coniferyl 
aldehyde. 
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Figure 1. MS images for the 12 amino acids detected in Mo17 maize roots. The first 2 
columns are control roots without CA derivatization and the last column is with CA 
derivatization. 'M+K' indicates the non-derivatized amino acids detected as potassium ion 
adduct. 'M+CA+K' indicates the derivatized amino acids detected as potassium ion adduct. 
The numbers below each amino acid label correspond to the maximum intensity scale used to 
produce the false color image. The scale bar is 500 µm. 
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Figure 2. MS images of amino acids in B73 (left) and Mo17 (right) maize roots 
cryosectioned at 2 cm below the seed for each different stage of development. The numbers 
below each amino acid label correspond to the maximum intensity scale used to produce 
false color image. The scale bar is 500 µm.  
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Figure 3. Comparison of amino acid abundance in each genotype analyzed by MALDI-MSI 
of tissue section compared to LC-MS extract. MALDI-MS data presents signal intensities for 
selected amino acids normalized to gold matrix peak (n = 3). LC-MS data presents integrated 
peak areas for the extracted ion chromatogram of each amino acid normalized to the tissue 
weight (n = 4). 
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Figure 4. MS images of the six most abundant amino acids in B73, BxM, MxB, and Mo17 
maize roots cryosectioned at 2cm below the seed for the development stage of 10-11 cm 
length. The numbers below each amino acid label correspond to the maximum intensity scale 
used to produce false color image. The scale bar is 500 µm.  
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Figure 5. The ratio of amino acid signals in the pith vs. cortex per unit area (n = 3). The * 
and ** indicate a p-value < 0.05 and < 0.01, respectively. The y-axis is on a logarithmic scale 
with the x-axis crosses the value of one, where the pith and cortex have the same signal 
intensity per unit area. 
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Figure 6. MS images of selected amino acids in B73 and Mo17 maize root sections grown in 
10 mM ammonium ion, either 14NH4Cl or 
15NH4Cl, compared to the control grown in water. 
The first three sets of images are of the monoisotopes (M peak) containing only 12C and 14N. 
The last set is of the isotope (M+1 peak) from 15NH4Cl data containing one isotope of either 
15N or 13C. The root sections were made at 2 cm below the seed when the root reached the 
length of 10-11 cm. The numbers below each amino acid label correspond to the maximum 
intensity scale used to produce false color image. The scale bar is 500 µm.  
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Figure 7. Mol percent of 15N incorporation into amino acids of maize roots grown at 10 mM 
15N-ammonium ion and cryosectioned at 2 cm below the seed at the root length of 10-11cm. 
The error bars come from three biological replicates. The * and ** indicate a p-value < 0.05 
and < 0.01, respectively. 
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Supplementary Figures 
 
Figure S1. Anatomy of a B73 maize root. 
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Figure S2. Signal intensities for the six most abundant amino acids in B73 and Mo17 maize 
at different developmental stages normalized to gold matrix peak. Normalized intensities 
come from MS images in Figure 2 (cryosectioned 2 cm away from the seed regardless of the 
stage of development). Error bars are the standard deviations from three replicates.  
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Figure S3. MS images of selected amino acids for B73 maize root 16 cm in length, grown in 
water, embedded and sectioned at several different positions along the length of the root. The 
numbers below each amino acid label correspond to the maximum intensity scale used to 
produce false color image. The scale bar is 500 µm. 
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Figure S4. Localization of the amino acids valine (A&B), leucine/isoleucine (C&D), and 
glutamine (E&F) with and without normalization to a deuterated amino acid internal 
standard. Images in rows labelled A, C, and E are non-normalized images, while those in 
rows B, D, and F are normalized. The scale bar is 500 µm. 
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Figure S5. Mass spectra for B73 maize roots grown in water (top) and 10 mM 15N 
ammonium chloride (bottom) zoomed into the peaks representing derivatized glutamine.  
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APPENDIX B: IRB APPROVAL LETTER 
 
